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Biodiesel, chemically synthesized through transesterification of vegetable 
oils, has received considerable attention in recent times as an alternative fuel to 
diesel.  Several characteristics of biodiesel such as higher cetane number, lower 
sulfur content, higher lubricity, degradability, higher oxygen content and the 
absence of aromatic compounds make it a more environmentally friendly fuel as 
compared to conventional diesel.  Among the different types of biodiesel, the one 
made by the transesterification of waste cooking oil has added advantages over 
other types of biodiesel.  One such advantage is the lower cost of raw material 
which makes it an economically viable option.  Another advantage is that 
converting the waste cooking oil into useful biodiesel eliminates the problematic 
disposal of waste oil into the environment.  However, till date very limited 
information is available in the literature on the physical, chemical and 
toxicological characteristics of fine particles (PM2.5) emitted from biodiesel in 
relation to those from diesel.  Health impacts of biodiesel exhaust particles (BEP) 
assessed so far indicate that they largely depend on the type of feedstock used to 
make the biodiesel fuel.  Studies that were conducted on health impacts of BEP 
revealed contradicting results, reporting an increase or a decrease in health effects 
with the use of biodiesel derived from different feedstocks.  While most of the 
research on health impacts of biodiesel was conducted on biodiesel derived from 
vegetable oil, relatively less attention has been paid to biodiesel derived from 
waste cooking oils. 
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In this doctoral thesis, a comparative assessment and characterization of 
PM2.5  emitted from a stationary diesel generator running on waste cooking oil 
derived biodiesel (WCOB), ultra-low sulfur diesel (ULSD) and their blend (50% 
WCOB and 50% ULSD) was conducted.  Physical and chemical properties of PM 
emissions from both the fuels and their blend were evaluated.  Health risk 
associated with the particulate-bound elements was estimated based on the 
measured concentrations to assess the impact of inhalation exposure to WCOB 
and ULSD particulate emissions on adults and children.  In addition, cytotoxic 
and genotoxic impacts of BEP were investigated using human lung epithelial cells 
(A549). 
In summary, results from this study indicate a reduction in PM mass and 
number concentrations while switching from ULSD to WCOB.  However, a large 
fraction of ultrafine particles (UFPs) was found in the emissions from WCOB 
compared to ULSD. In addition, particulate-bound toxic metals were found to be 
higher in WCOB and a significant fraction of these metals was found in nano-
particles (≤ 50 nm).  Potential health risk estimates indicate that the exposure to 
BEP is relatively more hazardous and may pose adverse health effects compared 
to ULSD.  This conclusion is further supported by findings from cytotoxic and 
genotoxic studies.  Relatively higher cytotoxic and genotoxic effects were 
observed with BEP compared to diesel exhaust particles (DEP).  The increase in 
particulate-bound toxic elements coupled with a higher fraction of UFPs in BEP 
seems to prompt higher toxicological impacts due to inhalation exposure 
compared to DEP.  
 viii 
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Chapter 1: Introduction  
1.1  Research Background 
 
A ground breaking invention in 1893 by Rudolf Diesel (Diesel Engine – 
named after him) made a mark in the world of internal combustion engines; his 
engine was the first one to prove that fuel could be ignited without a spark.  Since 
this invention, diesel engines were widely used in various applications such as 
automobiles, agriculture, ships, electricity generators, construction equipment 
etc., all over the world.  Diesel engines were proved to be very efficient in terms 
of delivering the required energy levels for their use at very low operating and 
maintenance costs when compared to gasoline engines.  However,  diesel engines 
now pose a serious threat to the human health and adversely impact the urban air 
quality (Sydbom, et al.  2001).  Diesel engines release a host of harmful 
substances including carbon soot, airborne particulate matter (PM), toxic metals, 
polycyclic aromatic hydrocarbons (PAHs), nitrogen oxides which induce ozone 
formation, carbon monoxide, carbon dioxide, volatile organic compounds and 
other compounds such as formaldehyde and acrolein (EPA, 2002).  Of these 
pollutants, PM from diesel exhaust is of great concern because of a number of 
reasons: (1) Diesel engines are known to be the largest source of PM from motor 
vehicles.  Two thirds of PM emitted from mobile sources are from diesel vehicles 
(EPA, 2002); (2) Human exposure to DEP is higher as these particles are emitted 
at ground level unlike that of smoke stacks.  United States Environmental 
Protection Agency (USEPA) reported that 83% of people living in USA are 
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exposed to concentrated diesel emissions from sources such as highways, heavy 
industries, construction sites, bus and truck depots etc (EPA, 1999); (3) The 
freshly emitted DEP includes UFPs (aerodynamic diameter < 100 nm).  These 
particles can bypass the natural defense of respiratory tract and enter deep into the 
alveolar region of respiratory system from where they could enter into blood 
stream (Oberdorster, 2001); (4) The particulate-bound soluble organic compounds 
such as PAHs, nitro-PAHs and transition metals are considered mutagenic or 
carcinogenic.  PM from diesel exhaust is listed as a ‘‘likely Carcinogen,’’ with 
cancer risk in the range of 1 in 1000 to 1 in 100,000 people for each microgram of 
annual average exposure (EPA , 2002).   
 
Apart from the health impacts, DEP also has potential environmental impacts.  
Black carbon or soot from diesels affects cloud cover and is a significant 
contributor to atmospheric warming (Hansen et al.  2000).  In view of these 
concerns and also to meet the current and future regulation standards imposed by 
local environmental protection agencies, a large number of researchers have 
conducted research to reduce the diesel particulate levels by various methods such 
as introducing new engine designs (Guerrassi and Dupraz 1998; Park, et al., 
2004), development of particle trap systems and after-treatment devices 
(Stamatelos 1997), improving the fuel quality (Kaufmann, et al.  1999).  Despite 
these developments over many decades which improved the emission quality of 
diesels without any doubt, diesel engines still represent a significant source of 
PM.  Holmen and Ayala (2002) reported that the use of particle trap systems 
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reduced total particle number concentration by 10 to 100 times from diesel 
exhaust, but also found that the use of particle trap-equipped diesel engines may 
sometimes result in elevated nanoparticle (diameter < 50 nm) emissions.  Also, 
there is an ongoing debate on whether the diesel engine can be modified and 
improved continuously down to meet the future regulation standards without 
economic impact.  It is believed that developments on engine design needed to 
meet upcoming regulations would increase the costs and eventually gasoline 
vehicles could take the place of diesel vehicles (Pischinger, 1996). 
 
As an alternative strategy to improve emission quality of diesels, the option 
of replacing diesel or petroleum based fuels by renewable bio-fuels is gaining 
popularity in recent years.  Biodiesel (also known as fatty acid alkyl esters), an 
alternative fuel derived through transesterification process from vegetable oils or 
animal fats, has received much attention as a result of renewed interest in 
renewable energy sources for reducing particulate and greenhouse gas (GHG) 
emissions from diesel engines.  In addition it also helps in alleviating the 
depletion of fossil fuel reserves (Pahl, 2008; Januan and Ellis, 2010).  Biodiesel is 
reported to be carbon neutral because of the lower net carbon dioxide production 
(Ferella et al., 2010; Gunavachi et al., 2007; Carraretto et al., 2004), making it an 
important fuel source in the era of climate change.  Another main driving force for 
biodiesel is the lower emissions of PM, CO, hydrocarbon, aromatic and 
polycyclicaromatic compounds (Xue et al., 2011, Atadashi et al., 2010).  In view 
of these advantages, usage of biodiesel is increasing rapidly.  This is reflected in 
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government policies such as partial detaxation, investment in production and 
research of biodiesel by many countries that include USA, Brazil, European 
Union, South East Asian and other countries all over the world.  With these 
increased awareness and governmental policies of different countries, annual 
production of biodiesel nearly tripled globally between 2000 and 2005.  
According to National Biodiesel Board (NBB) in USA alone 460 million gallons 
of biodiesel were sold in 2007, 700 million gallons in 2008, and 802 million 
gallons in 2011, showing a tremendous raise from 2 million gallons sold in 2000.  
This move from fossil fuels to bio-fuels as a power source is also caused by the 
economic consequences due to stringent regulations ((EN-590, 2004) in Europe 
and (ASTM-D-975, 2006) in USA) imposed on the fuels used in transportation.  
The notable restriction includes reducing sulfur content in the fuel which 
increased the investment cost of oil companies and the final fuel price which drive 
the nations to develop their own reserves indigenously and decrease their 
dependence on Middle East countries for fuel. 
 
Biodiesel is compatible with conventional petroleum based-diesel and can be 
completely blended with diesel in any proportion.   The chemical composition and 
several properties of biodiesel make it an attractive option over traditional diesel.  
Biodiesel has higher cetane number, lubricity, combustion efficiency, 
biodegradability and lower sulfur and aromatic content (Fazal et al 2011; 
Demirbas, 2008).  In contrast, there are also unfavorable properties in biodiesel 
such as being more prone to oxidation, lower heating value, and higher cloud and 
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pour points (Szulczyk and McCarl, 2010).  Majority of biodiesel is being 
produced from soybean, rapeseed, and palm oils.  Even though most of the 
biodiesel feedstock is renewable, competition with food supply has become a 
serious concern recently because certain feedstocks appear to be edible oils 
(Januan and Ellis, 2010; Mercker-Blackman et al., 2007).  Therefore, alternative 
feedstocks such as non-edible oils, algae oils, and waste oils have arisen to 
prominence in recent years. 
 
Biodiesel produced from transesterification of waste cooking oil (WCO) is 
one of the most attractive practices because of the added advantages over other 
types of biodiesel.  WCO reuse eliminates the need for disposal, thus alleviating 
the environment and human health issues associated with waste oil disposal 
(Giracol et al., 2011).  The lower cost of WCO feedstock can also help to make 
biodiesel competitive in price with conventional diesel (Meng et al., 2008).  Many 
studies have been initiated to investigate the impacts of biodiesel made from 
several feedstocks including WCO on particulate emissions as compared to diesel 
fuel (Chung et al., 2008; Lin et al., 2011a; Lapuerta et al., 2008a, Turrio-
Baldassari et al., 2004; Durbin et al., 2007).  An apparent decrease in PM 
emissions with the biodiesel content can be considered as an almost unanimous 
trend (Lapuerta et al 2008a).  Most of the research concerning particulate 
emissions from biodiesel is targeted towards physical properties of PM such as 
particulate mass, number concentrations and their size distributions.  Apparently 
very little information is available pertaining to the health and environmental 
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impacts of particulate emissions of biodiesel due to paucity of data on their 
chemical composition.   
 
1.2  Research Objectives 
 
Reduction in fossil reserves and climate change prompted researchers and 
policy makers to place considerable importance in the development of biodiesel 
as a replacement for conventional diesel.  One of the major barriers that biodiesel 
manufacturers are facing in commercialization of biodiesel from vegetable oils is 
its higher manufacturing cost.  Kulkarni and Dalai (2006) pointed out in their 
review paper that the biodiesel-derived from WCO (from restaurants, hotels etc) 
is more economical because of the less expensive initial raw material (WCO) and 
is therefore drawing great attention.  However, only very few studies have been 
reported in the literature (Lapuerta, et al.  2008b; Cetinkaya et al 2005) on 
emissions from WCO derived biodiesel (WCOB) which are collected from food 
outlets, restaurants, etc.   
 
Most of the studies reported in the literature (see Lapuerta et al 2008a) are 
mainly focused on comparing the concentrations of criteria pollutants such as CO, 
NOx, PM from biodiesel to those from diesel.  A limited number of studies were 
conducted (Correa and Arbilla 2008) on unregulated emissions such as carbonyl 
compounds and aromatic hydrocarbons from engine exhaust.  However, studies 
dealing with the particulate-bound chemical compounds and human health 
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impacts are sparse.  Swanson et al.  (2007) reviewed pertinent medical literature 
and addressed the research needs in the field of biodiesel toxicity.  There are still a 
lot of knowledge gaps pertaining to particulate emissions from biodiesel, 
especically the physico-chemical and toxicological properties of PM from 
WCOB.   
 
This doctoral study was conducted to fill these knowledge gaps.  The main 
aim of this study was to provide insights into the issues concerning the physical, 
chemical and toxicological properties of particulate emissions from WCOB in 
comparison to ultra low sulfur diesel (ULSD) through a series of experimental 
investigations.  The specific objectives of this research were to: 
   
1 Study the physical characteristics of PM emitted from ULSD and WCOB 
 
2 Determine the particulate-bound elements from ULSD and WCOB.   
 
3 Determine size segregated composition of particulate-bound metals emitted 
from ULSD and WCOB that have serious impact on human health  
 
4 Estimate the health risk associated with particulate bound elements. 
 
5 Evaluate the cytotoxicity and genotoxicty of PM emitted from ULSD and 
WCOB combustion. 
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1.3. Organization of Thesis  
 
The thesis is subdivided into the following chapters.   
 
• Chapter 2: Literature Review  
This chapter provides the background information for the subject 
covered in this doctoral study which includes the development and usage 
of biodiesel as an alternative fuel, its impact on the environment and 
human health.  A comprehensive review on the recent studies conducted 
on the impact of biodiesel on particulate emissions from diesel engines, 
their chemical characterization and associated toxicological impacts is 
provided.   
 
• Chapter 3: Materials and Methods 
In this chapter, experimental protocol, sampling methodologies, 
instrumentation, reagents used for all the three parts of the study (physical, 
chemical and toxicological characterization) are discussed in detail.   
 
• Chapter 4: Physical characterization of particulate matter emitted 
from ultra low sulphur diesel and biodiesel derived from waste 
cooking oil 
In this chapter, the results of experimental investigation on 
particulate physical properties i.e., particle mass, number concentration, 
size distribution are discussed.  To conduct the sampling of exhaust 
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particles from the diesel engine, a dilution tunnel was designed and built 
using dekati diluters.  Experiments conducted to validate the sampling 
system are also reported in this chapter.  In addition, engine performance 
is also evaluated. 
 
• Chapter 5: Study of particulate bound elements and their size 
distribution emitted from diesel engine fueled with from ultra low 
sulfur diesel and biodiesel derived from waste cooking oil 
This chapter deals with particulate-bound elements in PM2.5 (PM 
with AED (Aerodynamic Diameter) < 2.5 µm) emitted from both ULSD 
and WCOB combustion.  Size-segregated distribution of these particulate-
bound elements was also investigated and is reported. 
 
• Chapter 6: Risk assessment of ultra low sulfur diesel and biodiesel 
from waste cooking oil due to particulate bound elements 
In this chapter, health risks associated with particulate-bound 
elements in PM2.5 and in ultra fine particles (UFPs) were estimated for 
both adults and children.  Concentrations reported in chapter 5 were used 
in calculations for health risk assessment. 
 
• Chapter 7: Comparative in vitro cytotoxicity and genotoxicity 
assessment of airborne particulate matter emitted from stationary 
engine fuelled with diesel and waste cooking oil-derived biodiesel  
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In this study, PM2.5 emissions from ULSD and WCOB were 
exposed to human lung epithelial cells (A549).  Cytotoxic and genotoxic 
effects were investigated and the results are discussed in this chapter.   
 
• Chapter 8: Conclusions  
The major findings made in the doctoral study are summarized.  

















Chapter 2: Literature review 
 
This chapter deals with the review of the literature pertaining to airborne 
particulate matter (PM) emissions from diesel engines with emphasis on biodiesel 
(BD) usage as replacement automotive fuel for diesel (D).  In Section 2.1, a short 
note on history and development of BD as transportation fuel is presented.  
Section 2.2 deals with the variety of feed stocks that are currently used to produce 
BD.  The concerns with current feedstock usage and availability of future feed 
stocks are also highlighted.  In section 2.3 the impact of BD usage on the 
environment is discussed.  Section 2.4 presents the performance of engines 
fuelled by BD.  Sections 2.5 to 2.7 deal with PM emissions from BD combustion 
in internal combustion engines.  Physical, chemical and toxicological 
characteristics of PM emissions from diesel engines fuels with D and BD are 
discussed.   
2.1 Historical Background and Development of Biodiesel 
 
Rudolf Diesel originally designed a diesel engine to operate on vegetable 
oil.  Later in 1920s vegetable oil was replaced by petroleum-based diesel due to 
its cheaper price, higher availability and government subsidies (Lin et al., 2011b).  
The diesel engine has been modified accordingly to accommodate low viscous 
diesel fuel for its operation.  There was a little incentive for using vegetable oil-
based fuels prior to the shortage in fossil fuels supply and security issues due to 
OPEC oil embargo in 1970s.  Since then, renewed interest in developing 
vegetable oils as alternative fuels has arisen (Lin et al., 2011b).  However, the 
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modified diesel engine is no longer suitable for highly viscous vegetable oils.  
Operational problems such as poor atomization of the fuel in the fuel spray 
leading to deposits and coking of the injectors, combustion chamber and valves 
were observed with the usage of vegetable oil directly.  Technologies were 
therefore developed to modify vegetables oils suitably for their use in diesel 
engines.  Several refining processes used to decrease the viscosity of vegetable 
oils and improve their properties include transesterification, pyrolysis, blending 
with low viscous fuels (Ma and Hanna, 1999; Pramanik, 2003) and micro-
emulsification (Srivastava and Prasad, 2000). 
 
Of all the refinement processes considered transesterification was found to 
be the most viable and commonly adopted process for commercial BD production 
(Ma and Hanna, 1999; Sheedlo, 2008).  Transesterification reduces the viscosity 
of vegetable oils by converting them into alkyl esters.  The process of production 
of fuel-quality and engine-tested biodiesel through transesterification was 
completed and published in 1983 (Hawkins et al., 1983).  Nonetheless, significant 
growth of BD market and production started only in 1990s when there were 
growing concerns about environmental sustainability and a reduction in the 
commercial production cost of BD due to government subsidies (Lim and Teong, 
2010).  This significant growth of BD production can be seen from the increase of 
BD production in the USA, where production increased from 2 million gallons in 




2.2 Biodiesel Feedstock 
 
A variety of feedstocks are available for BD production around the world 
(Figure 2.1).  Depending on the local climate, soil condition and availability of 
specific feedstocks, BD is produced from a variety of raw materials all over the 
world (Lin et al., 2011b).  The most commonly used raw materials for biodiesel 
production are rapeseed oil, sunflower oil, soy bean oil and palm oil (Lin et al., 
2011b).  Other sources of BD include WCO, poultry oil, Jatropha, almond, 
coconut, rice bran, kranja, okra seed, camelina and wheat (Lin et al., 2011b).  
Rapeseed oil was the predominant feedstock for worldwide BD production in 
2007 (48%, 4.6 million metric tons), followed by soybean (22%), and palm oil 
(11%) (I.G. Council, 2008).  The remaining feedstock was distributed among 
other vegetable oils and animal fats (I.G. Council, 2008). 
 
A rapid increase in BD production capacity and government mandates for 
alternative fuel usage around the world has necessitated new developments in BD 
feedstock (Moser, 2009).  For example, Philippines had made it compulsory for 
the incorporation of 1% coconut BD into D fuel for government vehicles (Lin et 
al., 2011b).  The newly developed feedstock must also be more economical 
because the cost of BD has been the main obstacle for rapid commercialization.  
BD feedstock acquisition currently accounts for about 75% of the production 
expenses (Meng et al., 2009).  Thus current research in BD feedstock focuses 
mainly in the area of increasing supply of traditional oils and animal fats and 
developing non-traditional sources.   
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Source: Lin et al., 2011b 











Jatropha and Mahua are two examples of the newly developed feedstocks 
in recent years that have the potential to be widely commercialized (Achten et al., 
2008; Azam et al., 2005; Bhale et al., 2009; Godiganur et al., 2009; Kalbande et 
al., 2008; Tiwari et al., 2007).  They have been found to be suitable for BD 
production because of the higher oil yield and also their ability to withstand arid 
conditions (Achten et al., 2008; Azam et al., 2005; Bhatt, et al., 2004; Ghadge and 
Raheman, 2006). 
 
On the other hand, microalgae appear to be one of the most promising 
feedstocks for the new generation of BD.  Microalgae-based biodiesel (MABD) 
does not compete for land with food production, and has a superior oil yield per 
hectare over conventional crops (Chisti, 2008; Demirbas, 2010; Li et al., 2008).  It 
is also reported that microalgae could be the only source for BD that is capable of 
meeting the global transport demand (Chisti, 2007).  However, the main challenge 
for MABD is the higher production cost from the requirements of high-oil-yield 
algae strains and effective large-scale bioreactor (Takeshita, 2011; Vasudevan and 
Briggs, 2008).  It would be impossible for MABD to replace existing 
predominated BD unless it can move into the stage of large-scale 
commercialization.        
 
Meanwhile, WCO acts as a viable alternative for BD production.  Besides 
avoiding the issue of food competition, the cost of WCO is relatively economical 
as compared to refined oils (Lin et al., 2011a; Predojevic, 2008).  WCO is also 
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abundantly available.  It was reported that the annual WCO generation in the 
United States exceeded 10 million liters (Pugazhvadivu and Jeyachandran, 2005).  
Also, the amount of WCO generated is expected to increase proportionally with 
population growth, thus satisfying the demand for BD feedstock.  In addition, the 
problematic WCO disposal issue can also be addressed, providing a more 
environmentally friendly way for people to dispose off their WCO (Chen et al., 
2009).  However, BD production from WCO requires an additional pre-treatment 
process because it contains higher amount of impurities such as water and free 
fatty acids (FFA) (Karmakar et al., 2010; Gerpen et al., 2004).  The presence of 
water and FFA will adversely impact the alkali-catalyzed transesterification 
reaction because FFA will react with the alkali catalyst to form soaps while water 
can hydrolyze the triglycerides in oil to generate more free fatty acids (Lin et al., 
2011b; Chen et al., 2009; Meng et al., 2008).  Nonetheless, several recent studies 
(Karmakar et al., 2010; Demirbas, 2002; Demirbas, 2009; Kusdiana and Saka, 
2004) have found that the non-catalytic supercritical alcohol transesterification 
process can convert triglycerides with higher free fatty acid and water content.  
Hence there is still a high potential for WCO to become a cost-effective BD 
feedstock. 
 
2.3 Biodiesel and the Environment 
 
Environmental issue is one of the most contentious issues surrounding 
BD.  As discussed earlier, the increase in BD usage and production can be largely 
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attributed to the growing concern about the environmental degradation due to 
emissions arising from the use of fossil fuels.  Carbon dioxide (CO2), a 
greenhouse gas (GHG) emitted during combustion process, has been found in 
various studies to be lower when diesel fuel was replaced by blends of BD (Lin 
and Lin, 2007; Ozsezen et al., 2009; Utlu and Kocak, 2008; Keskin et al., 2008; 
Sahoo et al., 2007; Enwermaadu and Rutto, 2010; Xue et al., 2011; Fazal et al., 
2011).  According to USEPA’s Renewable Fuel Standards Program Regulatory 
Impact Analysis released in 2010, biodiesel from soybean oil results, on average, 
a 57% reduction in (GHGs) compared to fossil diesel, and biodiesel produced 
from waste grease results in an 86% reduction (Lin et al., 2011b; USEPA, 2010).  
Previous studies conducted by Carraretto et al. (2004) and Lapuerta et al. (2008c) 
also reported a 50-80% reduction in life cycle CO2 emissions with the usage of 
BD.  Other pollutants which include SOx, total hydrocarbons (THCs), CO, 
Polycyclic aromatic hydrocarbons (PAHs), and PM, were found to be 
significantly lower in BD emissions (Fazal et al., 2011; Lin et al., 2011a).  The 
effects of BD on NOx levels however were controversial, although a majority of 
studies reported an increase in NOx levels when BD was used.  However, few 
studies indicated otherwise.  In their review Lapuerta, et al.  (2008a) reported that 
nearly 95% of studies indicated a decrease in PM, and THCs emissions etc, while 
only 85% of studies found an increase in NOx levels and the remaining 15% either 
did not find any difference or found a decrease in NOx emissions when BD is 
used in diesel engines.  Apart from the regulated emissions, unregulated emissions 
such as aromatics (PAHs, benzene and its derivatives), and oxygenated 
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compounds (aldehydes and ketones) are increasingly drawing the attention of 
researchers because of their toxicity.  Only little research was conducted on these 
emissions in engine exhaust.  USEPA (EPA, 2002b) in its report indicated the 
emissions of toxic compounds to be lower with BD than with diesel fuel.   
 
In addition, BD is more biodegradable as compared to fossil diesel.  The 
higher oxygen content of BD improves biodegradation process, leading to an 
increased level of quick biodegradation (Demirbas, 2008).  Makareviciene and 
Janulis (2003) found more than 98% of pure rapeseed oil methyl esters were 
biologically decomposed in 21 days while only 60% of pure fossil diesel fuel 
decomposed.  Pasqualino et al.  (2006) reported more than 98% degradation of 
pure BD after 28 days while only 50% of diesel degraded within the same period.   
 
Nonetheless, to date, most of the life cycle assessment evaluated the direct 
environmental impacts on a local and global scale, where processes such as 
planting and harvesting of crops, processing the feedstock into BD, transporting 
the feedstock and final fuel, storing distributing, and retailing BD are taken into 
account (Monyem, 1998; Fazal et al., 2011).  Little knowledge exists on the 
indirect environmental impacts of BD such as process side products and land 
transformation (Reinhard and Zah, 2009).  The development of BD industry has 
been reported to lead to deforestation in countries such as Malaysia and Indonesia 
where additional land is needed for feedstock plantations (Yusuf et al., 2011).  
Wicke et al. (2008) estimated that out of the 1.1millions hectare of land used for 
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palm oil market expansion in Malaysia, 740,000 hectare of land (67%) came from 
clearing of primary and secondary forests.  Rainforests are one of the worlds 
largest carbon sinks, clearing of rainforest and peatland for oil crops released a 
large amount of carbon dioxide and resulted in biodiversity loss (Lin et al., 
2011b).   
 
In addition, BD development is also being challenged with water scarcity 
issue (Varghese, 2007).  Biofuel production from plant crops required water input 
for irrigation and production.  Water consumption imposed by BD feedstock 
would add on more pressure, especially to existing countries that are water-
stressed.  This would indirectly contribute to more GHG emissions as fresh water 
production such as desalination requires large energy input (Subramani et al., 
2011).  Therefore there is an increased interest in other sources such as biodiesel 
derived from waste cooking oil (WCOB) is found in recent times (Kulakarni and 
Dalai, 2006).   
   
2.4 Impact of Biodiesel on Engine Performance 
One of the critical issues raised in the introduction of BD as a vehicular 
fuel is the performance and compatibility of BD when used in diesel engines.  The 
two main properties of BD that are of concern and believed to have adverse 
impacts on engine performance are degradability and cold flow properties 
(Waynick, 2005).  Because of these properties, BD can also gel at low 
temperatures and requires special handling.  BD can also degrade some fuel lines 
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and gaskets made of natural rubber resulting in formation of deposits and 
plugging of filters (EPA, 2007) which affects engine performance.   
2.4.1 Engine Power 
BD has lower heating value than that of diesel fuel.  It is therefore 
expected that there will be a loss of power when BD is used in diesel engines.  
The impact of different fuels on engine power is evaluated by testing the engine 
under the same operating conditions (engine speed or torque).  Several studies 
were conducted to determine the effect of BD on engine power.  Reductions 
around 8% would be expected based on the loss of heating value in volume basis 
(Lapeurta et al., 2008a).  However, many studies reported a loss of power (3~5%) 
lower than expected (Carraretto et al., 2002; Cetinkaya et al., 2005; Kaplan et al., 
2006; Lin et al., 2006).  Kaplan et al.  (2006) compared sunflower-oil biodiesel 
(SOBD) and diesel fuels at full and partial loads and at different engine speeds.  
The loss of torque and power ranged between 5% and 10%.  Cetinkaya et al. 
(2005), compared WCOB and diesel fuels in a 75kW 4-cylinder common rail 
engine in full-load conditions.  The shape of the torque-speed curve was similar 
and the loss of torque was only between 3% and 5% with BD.   A similar result 
was obtained by Lin et al. (2006) in a naturally aspirated 2.84 l engine.  They 
operated the engine with ULSD, pure palm-oil biodiesel (POBD) and a 20% 
ULSD-POBD blend.  The loss of power at full load was only 3.5% with pure 
POBD and 1% with the 20% ULSD-POBD blend.  Other studies showing similar 
power recoveries have been reported (Carraretto et al., 2004; Silva et al., 2003). 
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  However, few studies showed an increase in rated power when using BD 
(Usta, 2005; Altiparmak et al., 2007).  Altiparmak et al. (2007) measured a 6.1% 
increase in maximum torque when they used a blend with 70% tall-oil biodiesel.  
They explained this increase with the increased cetane number, unusually high 
values of density and viscosity of the BD tested (922 kg/m3 and 7.1 cSt 
(centiStokes) at 40.10C, respectively) could also partially account for the increase 
in rated power.  Similarly, Usta (2005) observed an increase in torque and power 
when using BD from tobacco seed oil (with a lower heating value of 39.8MJ/kg) 
in different blends with diesel fuel in an indirect injection diesel engine at 1500 
and 3000 rpm.  The highest values of torque and power were obtained with a 
17.5% blend, despite the reduced heating value of BD.  They used the increase in 
density, viscosity and an improved combustion to explain this observation. 
 
Few studies reported a power loss in the same range as expected (8% 
decrease with BD) (Murillo et al., 2007).  The observed power recovery (with 
respect to the loss of heating value) with respect to that obtained with diesel fuel 
is mainly attributed to viscosity and other properties of BD.  A small number of 
studies (Romig and Spataru, (1996) and Shaheed and Swain, (1999)) reported no 
significant differences on the engine power with diesel and BD.  In the review 
study by Xue et al. (2011), 27 studies were evaluated and 70.4% of them agreed 
that the engine power would drop slightly and most of the authors believed that 
this decrease is due to the loss of heating value of BD.  Xue et al.  (2011) also 
reported that a number of studies (22.2%) showed similar engine power between 
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BD and diesel.  There were also studies (7.4%) which showed increases in power 
or torque of engine for pure BD.  Similarly, a review article by Enweremadu and 
Rutto (2010) also reported that most of the previous studies reviewed showed a 
small reduction in power when the proportion of the used cooking oil biodiesel in 
the blends increased.  In a review article by Lapuerta et al. (2008a), the authors 
concluded that the reduction in heating value in volume basis (which leads to 
decrease power) for BD was due to its lower leakage in the injection pumping 
system, advance of the combustion process, and higher lubricity. 
   
2.4.2 Fuel Efficiency 
Fuel efficiency is one way to determine the overall fuel economy of an 
engine.  BD has been found to lower down the fuel efficiency because of higher 
fuel consumption.  The fuel efficiency is measured as brake-specific fuel 
consumption (BSFC) (Lapuerta et al., 2008a); it is defined as the fuel 
consumption per unit power in a unit of time.  Most studies (Turrio-Baldassarri et 
al., 2004; Last et al., 1995; Hansen and Jensen, 1997; Monyem and Gerpen, 2001; 
Aydin and Bayindir, 2010; Karabektas, 2009; Senatore et al., 2000) have found 
higher BSFC with the increase in BD content in the blend.  Reviews by Xue et al.  
(2011) and Enweremadu and Rutto, (2010) reported the similar trend in most of 
the researches conducted.  Many authors attributed the increase in BSFC to the 
loss of heating value in BD, because the loss of heating value of BD must be 
compensated with higher fuel consumption. 
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Nonetheless, there are few studies which reported different observations.  
Silva et al. (2003) observed no significant changes in BSFC when they tested their 
6-cylinder 9.6l engine with sunflower-oil biodiesel blend (SOBD).  Similarly, 
Dorado et al. (2003) did not find any significant differences in BSFC when waste 
olive oil biodiesel was tested.  On the contrary, Ulusoy et al. (2004) observed 
lower fuel consumption for frying oil biodiesel than that of diesel on a 4-cylinder, 
4-stroke 46kW diesel engine. 
  
2.4.3 Engine Durability 
To date only few studies were conducted to test engine durability with 
usage of BD fuel.  Carbon deposit, engine wear and problems in fuel system were 
some of the factors involved in engine durability studies.  Sinha and Agarwal, 
(2010) found that carbon deposits on the cylinder head, injector top, and piston 
crown of engine for BD combustion were significantly lower compared with 
those of mineral diesel because of the lower soot formation during BD 
combustion.  However, Dorado et al. (2003) and Pehan et al. (2009) found no 
visual difference and similar carbon deposits in the combustion chamber between 
No.2 diesel and BD.  In another study, Agarwal, (2005) reported improved 
performance of BD fueled engine in terms of engine wear and suggested that it 
was due to the higher lubricity of BD.  On the other hand, Kaul et al. (2007) found 
no corrosion on piston metal and piston liner for BD from Mahua and Karanja 
during a long duration static immersion test.  However, a review by Fazal et al. 
(2011) based on many studies reported enhanced corrosion and material 
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degradation for BD because it is more oxidative.  The review also revealed that 
the engine fueled with BD encountered problems such as filter plugging, injector 
coking, and moving parts sticking more frequently than the one with conventional 
diesel. 
 
One exception to the above mentioned trend is from the study by Fontaras 
et al. (2009), who reported higher wear of some vital parts in the engine for B50 
and B100 than that of diesel fuel.  One possible explanation provided is that 
higher BD concentration could partly dissolve the lubricant and hence result in 
increased friction.  As there is inadequate research in this aspect, further studies 
on BD engine durability test have to be conducted to evaluate the impact of BD 
on engine durability clearly.   
 
2.5 Impact of biodiesel on particulate emissions 
Many studies have been conducted to investigate the effect of the BD on 
exhaust emissions as compared to diesel.  In general, PM, oxide of nitrogen, 
carbon monoxide, and hydrocarbons are the main components that were studied.  
There is also an increasing interest on the non-regulated compounds emissions 
such as PAHs and carbonyls.  Since this study is mainly focused on the impact of 
BD on PM emissions, this section deals only with PM emissions.   
 
2.5.1 Particulate mass concentration 
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Studies were conducted extensively on PM mass emissions from engine 
fueled with BD.  Although some authors have reported an increase in PM 
emissions relative to diesel (Durbin et al., 2000; Munack et al., 2001; Alfuso et 
al., 1993), a large number of studies have confirmed a noticeable decrease in 
particulate mass when using BD (Lapeurta et al., 2008a).  However, the reported 
reductions varied very much depending upon engine conditions, experimental set 
up, fuel used, engine fuel system and other factors.  Several studies reported 
reductions in the range of around 40 to 50% (Krahl et al., 1996, Lapeurta et al., 
2002; Bagley et al., 1998), however, reductions as high as 70 to 90% were also 
reported by few studies (Canakci and Van Gerpen, 2001; Camden Australia 2005; 
Kado, 2003; Kalligeros et al., 2003).  Kalligeros et al. (2003) investigated the 
performance and emission characteristics of a stationary engine fueled with BD-
marine diesel blend and observed a PM reduction from 10.1 – 76.8% under 
different loading conditions.  A recent study by Behcet, (2011) observed only a 
slight reduction of PM in the range of 9.23 – 22.33% with waste anchovy fish 
biodiesel.  On the other hand, Zhang et al. (2011) observed both an increase and 
decrease in PM emissions.  They observed that at lower loads, the PM mass 
increased in the range of 23-133% and decreased (19 – 37%) at higher loads with 
WCO and soybean when compared to petroleum diesel.   
 
Lapuerta et al. (2008a), Xue et al. (2011), Basha et al. (2009) and Fazal et 
al. (2011) reviewed several studies on emission characteristics of BD fuels.  They 
found that most previous studies have reported reduction in PM mass emissions.  
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USEPA (EPA, 2002b) arrived at the following equation with the help of the 
emissions data from a number of laboratory studies to estimate the reduction 
when blending diesel with BD.   
PM/PMD = e-0.006384%B  
where PMD is the particulate mass emitted when using diesel and PM is 
the particulate mass emitted when using the diesel and biodiesel blend.  % B is the 
percentage of biodiesel blended in the fuel.   
 
Several factors have been suggested which collectively or independently 
help in the reduction of PM when using BD.  They include higher oxygen content, 
absence of aromatics and sulfur content, and combustion advance of BD.  Oxygen 
molecules in BD enable more complete combustion even in fuel- rich regions of 
combustion chambers promoting the oxidation of the already formed soot 
(Garboski and McCormick, 1998; Lapuerta et al., 2002; Wang et al., 2000; 
Schmidt and Van Gerpen, 1996; Chang and Van Gerpen, 1997; Choi et al., 1997; 
Rakopoulos et al., 2007).  Several studies have reported that when there is lower 
aromatic content in the fuel, PM emissions decrease, independent of oxygen 
content in the fuel (Schmidt and Van Gerpen, 1996; Knothe et al., 2006; Choi et 
al., 1997).  BD, which is a methyl ester, has very low aromatic content compared 
to that of diesel.  Therefore, lower PM emissions were observed with BD.  In 
addition, BD due to its properties such as higher bulk modulus, higher sound 
velocity, higher viscosity, and lower compressibility results in combustion 
advance.  Lower compressibility of BD enables the quick rise of pressure in 
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injection pump, thus introducing the fuel into combustion chamber quickly 
compared to diesel.  Also, higher viscosity of BD reduces leakages in the pump 
and increases the pressure in the injection line.  Therefore, BD is introduced into 
combustion chamber at an advanced crankangle, causing earlier combustion and 
hence increasing the residence time of soot particles in combustion chamber 
resulting in further oxidation (Tat and Van Gerpen, 2001; Monyem and Van 
Gerpen, 2001; Cardone et  al., 2002; Yamane et al., 2004).    
 
A small number of studies found that there was no difference in PM 
emissions for BD relative to diesel (Turro-Bladassari et al., 2004; Qi et al., 2010), 
or even there was increase (Aydin and Bayindir, 2010; Banapuramath et al., 2008; 
Banapuramath and Tewari, 2008.  Most of the authors attributed these trends in 
PM emissions to higher viscosity of BD which worsens fuel atomization and 
combustion quality deterioration.  Armas et al. (2010) suggested that the PM 
increase from BD combustion was due to the unburned or partially burned HC 
emissions which tend to condense and adsorb onto PM surface.  Another 
explanation for the increase in PM emissions is that although there is a reduction 
in insoluble fraction of PM (mainly soot) when using BD, there is an increase in 
soluble organic fraction which could increase the overall PM mass.  Increase in 
the soluble organic fraction (SOF) of PM when using BD is well recognized and 
has been reported by a number of research groups (Garboski and McCormick, 
1998; Lapuerta et al., 2002; Hansen and Jensen, 1997; Garboski et al., 2003; 
Schumacher et al., 2006).   
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2.5.2 Particulate Matter Number Concentration and Size Distributions 
 
New engine designs and emission control devices reduced particulate 
mass emission drastically allowing the engines to operate below the emission 
level standards.  However, the concerns about ultrafine (Aerodynamic Diameter, 
AED < 100 nm) and nanoparticles (AED < 50 nm) which can contribute to human 
health effects (Oberdiester et al., 2001, Nel, 2005) significantly raised a serious 
concern to develop new ambient standards in terms of particle number rather than 
mass (Burtscher, 2004).  Therefore, particulate number concentrations and size 
distributions are increasingly studied in comparative studies of particulate 
emissions from diesel and BD (Kittelson, 1998; Lapeurta et al., 2008a; Zhu et al., 
2009, Di et al., 2009a and 2009b; Di et al., 2008; Burtscher, 2004).  In the 
literature, both an increase and decrease in the total particle number 
concentrations were reported when using BD.  Di et al. (2009b) observed that the 
total particle number increased 1.5 – 2.5 times when using WCOB compared to 
diesel depending on the engine load.  Similar increments (1.35 – 2.4 times) were 
observed by them in another study using a direct injection diesel engine.  On the 
other hand, Lapuerta et al. (2007) tested two differently stressed WCOB and 
observed a reduction (~3 times) in total particle number concentrations (PNC) 
compared to diesel.  Although both of them used WCO in their study, 
contradictory trends were reported.  Studies on other types of BD have also 
reported contradictory results.  Krahl et al. (2003 and 2011) in two different 
studies using SOBD, rapeseed oil biodiesel (ROBD), and palm oil biodiesel 
(POBD) have observed a reduction in total PNC.  Jung et al. (2006) using ROBD 
 29 
also observed a 38% reduction in total particle number.  However, Bunger et al. 
(2000), Tsolakis, (2006) and Munack et al. (2001) found an increase in total PNC 
using ROBD. 
   Despite the contradictions in total PNC, a majority of the studies in the 
literature have reported an increase in the number of nanoparticles (AED < 50 
nm) (Lapeurta et al., 2008a).  Krahl et al. (2003 and 2011) in their studies with 
SOBD, ROBD and POBD have observed an increase in particles with diameter 
less than 40 nm despite the decrease in total number concentration.  Jung et al. 
(2006) also observed an increase in concentration of very small particles 
(diameter < 10 nm) though the total number concentration decreased with use of 
BD.  On the other hand, Die et al. (2008 and 2009) in both their studies observed 
an increase in smaller particles along with the total number.  The reason for the 
increase in nanoparticles when using BD in several studies is explained by 
Lapeurta et al. (2008a).  Higher viscosity of BD and the electronic control system 
of fuel injection lead to some increase in injection pressure and injection advance.  
Both these factors are closely associated with increase in the counts of 
nanoparticles (Tsolakis, 2006; Mathis et al., 2005).   
 
Some authors reported insignificant changes in particle size distributions 
and even a decrease in the number of UFPs.  Chen and Wu, (2002) and Turrio-
Baldassarri et al. (2004) did not find significant changes in mean diameter and 
particle size distribution (PSD) when comparing diesel with SOBD and ROBD.  
Conversely, Aakko et al. (2002) observed a decrease in UFPs for a bus engine 
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fueled with ROBD and attributed the decrease to lower sulfur content in BD (80 
ppm as compared to 400 ppm in diesel fuel).  Lapuerta et al. (2007) also observed 
a reduction in particle mean diameter.  However, they did not observe an increase 
in nanoparticles (AED < 50 nm).  Lapuerta et al. (2007) suggested that a smaller 
mean size of the emitted particles with BD blends was not caused by an increase 
in the number of the smaller particles, but a significant reduction in the number of 
large particles especially in the accumulation mode (AED > 50 nm).   
 
2.6 Impact of Biodiesel on particulate-bound chemicals 
Since diesel engines are one of the most significant air pollutant sources in 
urban areas (Cass, 1998), chemical composition of diesel exhaust has been widely 
investigated.  The chemical profile of PM plays a crucial role in health and 
environmental impacts.  Variations in the chemical composition of aerosols alter 
their hygroscopicity and can lead to changes in the cloud-active fraction of the 
aerosols, or cloud condensation nuclei (CCN) number concentration (Ward et al., 
2010).  Some carcinogenic and toxic chemical compounds present in DEP when 
biologically available can affect human health.  Diesel engine emissions consist of 
a wide range of organic and inorganic compounds in gaseous as well as 
particulate phases (Bünger et al., 2006).  Concentrations of most particle-bound 
chemical constituents depend on the type of engine, engine load, fuel and 
lubrication oil properties (Dwivedi et al., 2006).  Large surface area of DEP 
enables adsorption of organics and inorganic compounds from the combustion 
process and/or the adsorption of additional compounds during transport in the 
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ambient air.  DEP consists mainly of elemental carbon (EC) (75%), organic 
carbon (OC) (19%) and small amounts of sulfates, nitrates (1%) and metals & 
Elements (4%)  (Figure 2.2) (EPA, 2002a).   



















Figure 2.2 Typical chemical compositions for diesel particulate matter 
(PM2.5) 
Source: EPA, 2002a 
2.6.1 Particle-bound polycyclic aromatic hydrocarbons (PAHs) 
 
Particulate-bound organic compounds, especially PAHs, are highly 
carcinogenic.  PAHs and their derivatives (nitro-PAHs) together comprise less 
than 1% of the mass of DEP (EPA, 2002a).  The emissions of these compounds 
are comprehensively studied for diesel engines fuelled with diesel and BD (Jung 
et al., 2006; Bagley et al., 1998; Correa et al., 2006; Karavalakis et al., 2009; 
Turro-Baldassari et al., 2004; Zou et al., 2008; Karavalakis et al., 2010).  A 
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majority of studies have found a significant decrease in PAHs emissions with BD 
compared to that with diesel (Bagley et al., 1998; Correa et al., 2006; Karavalakis 
et al., 2009).  However, a couple of studies have indicated only statistically 
insignificant reduction in PAHs (Turro-Baldassari et al., 2004; Zou and Atkinson, 
2008) when BD is used.  The reduction in PAH emission may be attributed to the 
presence of excess oxygen in BD and the absence of aromatic and polycyclic 
aromatic compounds in the fuel.  One study (Karavalakis et al., 2010) was found 
in literature reporting higher PAHs emissions when using BD.  Karavalakis et al. 
(2010) tested BD made from soybean oil and used frying oil.  They found lower 
PAH emissions with BD made from soybean oil.  However, BD made from used 
frying oil emitted more PAH compounds compared to diesel.  They attributed the 
increase in PAHs to dimers, trimers, polymerization products, and cyclic acids 
present in the biodiesel made from used frying oil.   
2.6.2 Particle-bound elements and trace metals 
 
Studies on particulate-bound metals emitted from BD combustion are not 
as comprehensive as PAHs, despite a strong correlation between human health 
risk and particulate-bound metals (Hu et al., 2008; Verma et al., 2010).  Very few 
studies (Dwivedi et al., 2006; Cheung et al., 2011) were found in literature 
investigating particulate-bound metals in BD.  Dwivedi et al. (2006) conducted a 
comparative assessment and characterization of particulate-bound trace elemental 
emissions from diesel and rice bran oil derived BD.  Elements such as Cr, Ni, Pb, 
Cd, Na, Al, Mg, and Fe were investigated.  The authors observed that 
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concentration of metals such as Cr, Fe, Al, Zn, Mg increased while others (Pb, Cd, 
Na, Ni) were reduced with the usage of B20 (20% BD).  Cheung et al.  (2011) 
also observed higher concentrations of Fe, Zn, Mg when using BD.  However, Cr, 
Al, Pb, Cd, Na, Ni were lower in BD emission compared to diesel.  In both the 
studies, the particulate-bound elemental concentrations were mainly attributed to 
the fuel and lubricating oil composition apart from engine wear.  Metals and 
elements that were found higher in fuel were also found higher in the emissions.  
Since the particulate-bound elements largely depend on fuel quality and 
composition apart from engine wear, their concentration in the exhaust is 
expected to vary with feedstock of BD.   
 
 
2.7 Health impacts of particulate matter  
 
United Nations Environmental Programme (UNEP) identified PM as one 
of the significant contributors to urban air pollution   (United Nations 
Environment Program, 1994).  DEP accounts for a major fraction of PM in 
ambient air (United Nations Environment Program, 1994; Department of Health, 
1995).  As discussed in an earlier section, DPM contains harmful and 
carcinogenic compounds adsorbed onto the surface.  These particles when inhaled 
result in serious health effects (Nel, 2005, Oberdorster, 2001; EPA, 2002a).   
 
 
The entry of the PM into the human body is mainly through the respiratory 
system.  Distribution and deposition of the airborne particles in the respiratory 
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.  In general, the smaller the particle, the deeper it can travel into the 
airways. Thoracic (PM10, AED < 10 µm) and coarse (PM10-2.5, AED < 10 µm and 
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> 2.5 µm) fractions of particulates pass larynx and penetrate trachea and bronchial 
regions of the lungs (Cormier et al., 2006).  Mucociliary action of the upper 
respiratory tract is mainly responsible for the clearance of these PM fractions.   
 
Fine (PM2.5; diameter < 2.5 µm), ultrafine (AED < 100 nm) and 
nanoparticles (AED < 50 nm) reach the unciliated region of the respiratory tract 
(alveoli).  Their clearance from the alveoli is mediated mainly by macrophage 
phagocytosis.  Due to their small size and their affinity for water (Merola et al., 
2001; Sgro et al., 2001; Sgro et al., 2003), nanoparticles can easily overcome the 
alveolar-capillary barrier and enter the circulation.  Then, they can be transported 
throughout the body to basically any target organ where they can exert 
toxiceffects. 
 
A typical size distribution of engine exhaust particles is shown in Figure 
2.4.  A major fraction of DEP is below 100 nm.   As shown in Figure 2.4, these 
UFPs penetrate through natural defense system of respiratory tract and can 
deposit in alveoli and bronchial regions of lungs.  Therefore, engine exhaust 
particles are considered extremely harmful to humans.  They can result in airway 
inflammation, cellular inflammation, asthma, lung cancer and many other 
respiratory health problems (Castranova et al., 2001; Garshicket al., 2004; 





Source: Kittelson et al., 2003 
 






2.7.1 Toxicological studies on diesel particulate matter 
 
An extensive research on health impacts of DEP has been conducted over 
decades through toxicological studies (EPA, 2002a; Sydbom, 2001).  Both in-vitro 
and in-vivo studies were conducted (Nemmar et al., 2007; Peretz et al., 2008; 
Rivero et al., 2005; Brito et al., 2010) on DEP each having their own challenges 
and advantages.  In-vivo studies are more direct assessment of health impacts on 
exposure to DEP compared to in-vitro studies.   It uses animals as test subjects 
and therefore is better suited for observing the overall effects on a living subject.  
However, the in-vivo studies have their own difficulties: (1) The uptake of PM by 
test animals can be very different from the uptake by human beings due to 
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difference in respiratory systems.  It was reported by Sandstorm et al.  (1998) that 
to obtain a similar response in rodents as in humans, several times higher 
concentrations of PM are required.  (2) Apart from ethical considerations, in-vivo 
studies are more tedious to perform as they have to be performed for long times.  
In order to study the effects of PM on lung Moorman et al. (1985) exposed cats 
for 61 weeks, but could not find any change in lungs.  The exposure was extended 
further to another 62 weeks only then he could notice a pattern of restrictive lung 
disease.  (3) The results obtained are expected to have a lot of variation due to 
changes in immunity and response of individually tested animal.  Despite their 
minor limitations, in-vivo are best useful in studying chronic effects of DEP and 
simulate closely the impacts of overall human health impacts.      
  
Sydbom et al. (2001) reviewed various in-vitro and in-vivo toxicological 
studies conducted on DEP.  This study also reported few exposure studies that 
were conducted on human subjects.  Mohr et al. (1986) in their study using rats 
observed that DEP consisting of a large amount of carbonaceous particles is 
phagocytozed by alveolar macrophages inflicting alveolar septal thickening, and 
severe chronic inflammation.  In another study (Sagai et al., 1993), mice when 
exposed to DEP resulted in lung injury and mortality.  Several other in-vivo 
studies (Nikula et al., 1997; Miyabara et al., 1998; Hiruma et al., 1999; Knox et 
al., 1997) found similar detrimental effects of DEP on health of test animals.   
 
In-vitro studies, on the other hand, indirectly assess the health impacts 
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using human cell lines.  Cells, which are ultimate receptors of the inhaled PM, are 
directly exposed to PM or the extracts of PM.  Cells are easy to handle compared 
to animals and yield results quickly.  Typical exposure time ranges from 24 hrs- 
48 hrs.  However, in-vitro studies have a major disadvantage:  It fails in 
simulating the actual scenario of particle exposure to human beings.  However, 
they are more useful in quick comparative assessment of toxicological impacts of 
PM from two different sources, for example, PM from diesel and BD.  In-vitro 
studies are also useful in studying the cellular responses, and changes in cellular 
structure.  More importantly, they are helpful in understanding the bio-chemical 
changes that trigger inflammation and other health problems such as cancer.  
Several in-vitro studies (Boland et al., 1999; Devalia et al., 1997; Takenaka et al., 
1995; Fahy et al., 1999; Steerenberg et al., 1998; Yang et al., 1997; Takizawa et 
al., 1999) were also conducted to investigate the cytotoxicity and inflammatory 
responses induced in cells upon exposure to DEP.  It is widely accepted that the 
chemical compounds adsorbed onto the PM have a significant role in cytotoxic 
and inflammatory responses.  Boland et al. (1999) studied the cytotoxicity of 
DEP-induced phagocytosis and the resulting immunal response in human 
bronchial and nasal epithelial cells.  They found that inflammatory responses of 
the cells are dependent on the type of adsorbed compounds and not dependent on 
the carbon core of PM.  These adsorbed compounds trigger bio-chemical 
reactions when they come in contact with human cells.  Vogl and Elstner, (1989) 
in their study found that DPM produces oxygen radicals through bio-chemical 
reactions and these oxygen radicals are responsible for the cytotoxic and 
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inflammatory responses.  Both in-vitro and in-vivo studies are useful in acquiring 
a complete knowledge about the health impact of DEP in macro and micro scales.   
 
2.7.2 Toxicological studies on biodiesel particulate matter 
 
Unlike toxicological studies on DEP, effects of BEP on human health are 
not investigated thoroughly.  Few studies were conducted on the toxic potential of 
PM emitted from BD combustion.  Contradictory findings have been reported.  
While some studies (Bunger et al., 2000; Kooter et al., 2011; Brito et al., 2010) 
have indicated a higher toxic potential with the use of BD, others indicated no 
change, or a decrease in toxic potential with BD (Liu et al., 2008; Eckl et al., 
1997; Turro-Bladassari et al., 2004; Jalava et al., 2010).  Eckl et al. (1997) 
observed lower mutagenic potential in ROBD when compared to diesel using 
Ames assay.  Similar findings were reported by Bunger et al. (2000).  They found 
that PM emitted from ROBD has 2 - 4 times lower mutagenic potential when 
compared to diesel.  On the other hand, Turrio-Baldasari et al. (2004) found no 
significant difference in mutagenic potential between ROBD and diesel.   
 
Although Bunger et al. (2000) found lower mutagenic potential for BD 
compared to diesel; they found that the toxic potential of PM from ROBD was 
fourfold higher than that of diesel.  They attributed the lower mutagenic potential 
to lower PAHs in BD and higher toxic potential to carbonyl compounds and 
unburned fuel.  Liu et al. (2008) evaluated acute toxic potential of emissions (both 
particulate and semi-volatile organic compounds (SVOCs)) from POBD in 
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comparison with conventional diesel.  They observed that DEP was highly toxic 
compared to BD.  However, when the toxic potential of SVOCs was investigated, 
they found that BD has higher toxicity than diesel.  Kooter et al. (2011) observed 
200% higher cytotoxicity with particulate emissions using BD compared to diesel.  
They also investigated mutagenicity using salmonella typhimurium strains (TA98 
and YG1024), a 60% increase in the number of revertants for both the strains was 
observed with BD compared to diesel.  Jalava et al. (2010), on the other hand, 
observed higher inflammatory responses from diesel fuel compared to BD derived 
from ROBD, although no substantial differences in cytotoxic responses were 
observed for both the fuels.  In view of these contrasting results on the 
toxicological characteristics of DEP and BEP and relatively less number of 
studies available in literature, a critical need for health studies on BD exhaust was 
highlighted by Swanson et al. (2007).  They further argued that the soluble 
organic fraction is found in greater fraction in BD compared to that in diesel 
(Graboski and Mc Cormick, 1998).  Soluble organic compounds are associated 
with generation of oxidative stress and magnitude of cytokine response (Bayram 
et al 1998, Boland et al 1999, Bonvallot et al 2001, 2002; Casillas et al 1999).  
Therefore, exposure to BD exhaust could induce higher magnitudes of 





Chapter 3: Materials and Methods 
 
 
In this chapter, the materials, instrumentation and methodologies 
employed for this entire study are described.  There are three major experimental 
components: (1) Physical, (2) Chemical and (3) Toxicological characterization of 
PM emitted from diesel engines.  Sections 3.1 and 3.2 describe the characteristics 
of the engine and test fuels used for this study.  Sections 3.3 and 3.4 describe the 
instrumentation and sampling methodologies for physical characterization.  
Section3.5 describes the materials and reagents used instrumentation and 
methodologies for extraction and analysis of particulate-bound elements.  




3.1 Test Engine 
 
 A single cylinder, four stroke, air cooled, direct fuel injection diesel engine 
coupled to a power generator with revolving field type, producing single phase 
alternating current  (shown in Figure 3.1) was used for this dissertation work.  The 
detailed engine specifications are provided in Table 3.1. 
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Figure 3.1: Diesel engine used for testing the fuels in this study 
 
Table 3.1: Engine specifications 
 
 
Model (Year) L70AE (2007) 
Manufacturing Company YANMAR 
Configuration 4 cycle single cylinder\air cooled 
Rated Output (kW/rpm) 3/3000 
Cylinder bore x stroke (mm) 78 x 62 
Displacement 296 cc 
Starting system  Recoil 
Combustion system Direct fuel injection 
Cooling system Forced air-cooling 
Compression ratio 20:1 
Injection pressure (bar) 240  
Injection timing (deg) 14 
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3.2 Fuels Tested 
 
The fuels used in this study include ULSD and biodiesel derived from 
local WCO generated in Singapore.  A blend B50 (50 % WCOB and 50% ULSD), 
was prepared by mixing the two base fuels in volumetric fractions.  Density, 
viscosity, and other fuel properties of the ULSD and biodiesel are shown in Table 
3.2.  Fuel properties for the blend were calculated based on the mass fraction of 
each component in the blended fuel wherever applicable.   
 
 
Table 3.2: Fuel Properties 
  ULSDa B50b B100a 
Density (kg/m3) at 15°C 851.00 857.60 864.10 
Kinematic Viscosity (cSt) at 40°C 4.00 - 4.75 
Acid Number (mg KOH/g) 0.01 - 0.39 
Sulphur Content (ppm) 10.42 6.16 1.90 
High heating value (MJ/kg) 45.70 44.02 42.35 
Low heating value (MJ/kg) 42.30 41.13 39.95 





 Determined through experimental testing 
b Calculated based on mass fraction of different fuels in the blend 





3.3 Sampling Instrumentation  
A variety of instrumentation has been used for particle sampling.  A 
summary of all the instrumentation used for particle sampling from engine 
exhaust is provided in Table 3.3 
 
 




Fine Mobility Particle Sizer 
(FMPS) 
To measure particle number 
concentrations and size distributions 
Mini Volume air samplers (Mini-
Vol) 
To collect particulate matter (PM2.5) 
on filters for chemical analysis and 
measure gravimetric mass 
concentration 
 
Micro-orifice Uniform Deposition 
Impactors (MOUDI) 
To collect size segregated PM in the 
size range of 3.2 µm to 0.056 µm for 
chemical analysis and also measure 
mass distribution of PM  
 
Nano Micro-orifice Uniform 
Deposition Impactors (Nano-
MOUDI) 
To collect size segregated PM in the 
size range of 0.056 µm to 0.010 µm 
for chemical analysis and also 




3.3.1 Fast Mobility Particle Sizer (FMPS) 
  
Fast Mobility Particle Sizer (FMPS, Model 3091, TSI Incorporated, USA) 
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was used for particle number concentration (PNC) and particle size distribution 
(PSD).  FMPS measures sub-micrometer aerosol particles over a range from 5.6 
to 560 nm.  It provides size distribution measurements with one-second 
resolution, enabling users to visualize particle events in real time.  Engine exhaust 
was routed at 10 l/min through a cyclone (model 1031083, TSI Inc, USA) to 
remove larger particles outside the instrument’s measurement range.  Airborne 
particles are charged through ion diffuser upon entry and are detected using a 
system of sensing electrode channels.  The most common problem with the FMPS 
is that one or more electrometer channels become dirty or contaminated with PM.  
This causes the channels to indicate a signal even when filtered air is sampled by 
the instrument.  Therefore, the electrodes of instrument and cyclones were cleaned 
periodically after testing of each fuel in addition to the recommended cleaning 
after every 100 operating hours as per the instructions provided in the manual.  In 
addition, the instrument was sent to the manufacturer once a year for calibration 
and maintenance. 
 
3.3.2 Mini Volume air samplers 
Mini-volume air samplers (Model: MinivolTM,TAS, Air metrics, USA) 
were used for collecting PM onto filters.  While not a reference method sampler, 
the MiniVol™ TAS gives results that closely approximate data from the Federal 
Reference Method samplers.  Engine exhaust was drawn at a flow rate of 5 ± 0.5 
l/min through a series of cyclones (PM10 and PM2.5 cyclone connected in series).  
A MiniFlo flow rate transfer standard device was used as the flow rate reference 
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to calibrate the sampler's rotameter.  The sampler was calibrated once annually.   
Aerosol particles were collected on 47mm  Teflon membrane (PTFE, 
Polytetraflouroethylene (Pall Corporation Inc., USA) and on pre-combusted 
47mm quartz fiber filters (Whatman, USA) using air samplers (MinivolTM, Air 
metrics Ltd) equipped with a cyclone (cut size = 2.5 µm).  These filters were 
conditioned in a dry box at a constant relative humidity and temperature (T = 
220C and RH = 32%) for 24 hours prior to weighing in a microbalance (Sartorius, 
MC 5) before and after the sampling.  Filters were swiped through static ion 
discharger for removal of static charge on the filter prior weighing. 
 
 
3.3.3 Micro- Orifice Uniform Deposition Impactor (MOUDI) and Nano-
MOUDI 
 
 A Micro-Orifice Uniform Deposit Impactor (MOUDI) (Model 100R, MSP 
Corporation, USA) and a Nano-MOUDI (Model 115, MSP Corporation, USA) 
were used to collect size segregated particle samples.  The principle of operation 
of MOUDI and Nano-MOUDI is inertial impaction using multiple-nozzle-stages 
in series.  At each stage, jets of particle laden air impinge upon an impaction plate, 
particles larger than the cut-size of that stage cross the air-flow streamlines and 
were collected on the impaction plate.  Airborne particles with diameter below the 
cut-size proceed to the next stage.  At this stage, the air velocity through the 
nozzles was higher owing to smaller nozzle diameter and smaller particles were 
collected.  This continued on through the cascade impactor until the smallest 
particles were collected at the after-filter.   
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MOUDI used in this study has 8 impaction stages with nominal cut points 
of 3.2 µm, 1.8 µm, 1.0 µm, 0.56 µm, 0.32 µm, 0.18 µm, 0.10 µm and 0.056 µm.  
Nano-MOUDI was attached to the MOUDI after the 0.056 µm cut-point stage and 
it consisted of 3 stages with cut diameters of 32 nm, 18 nm, and 10 nm, 
respectively.   
 
Airflow rate and pressure drops in various stages were checked prior to 
each sampling.  An operational flow rate of 30 ± 1 l/min was always maintained 
during the course of sampling so that different sized particles were collected in 
their respective stages of MOUDI and Nano-MOUDI.  Nozzle plates were soaked 
and cleaned with ultra pure water and methanol whenever flow rate drops below 
29 l/min.   
 
3.4 Particulate sampling  
Figure 3.2 shows the schematic of the experimental system used in this 
study.  The engine exhaust was sampled through a sampling probe (DI-1019, 
Dekati Ltd) inserted into the main exhaust stream.  The engine exhaust was 
sampled through a sampling probe (DI-1019, Dekati Ltd) inserted into the main 
exhaust stream.  The exhaust was then directed into a dilution tunnel, where the 
hot exhaust was mixed with a stream of pressurized, particle free, dry air in two 
stages using Dekati diluters (DI-2000, Dekati Ltd).  In the first stage, the exhaust 
was transferred into the primary dilution tunnel, where the hot exhaust was mixed 
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with a stream of pressurized (~2 bar) particle free dry air preheated to a 
temperature of 2000C, close to the temperature of the exhaust, to avoid particle 
nucleation, condensation, etc.  The primary dilution tunnel was also heated to a 
temperature close to 2000C to avoid thermophoretic deposition of particles onto 
the walls of the dilution tunnel.   
 
In stage 2, some portion of the diluted exhaust from the primary dilution 
tunnel was transferred to the secondary dilution tunnel.  During the primary 
dilution, vapor pressures of volatile compounds decreased, allowing the 
secondary dilution with cold dilution air without condensing the volatile 
components.  At this stage, the exhaust was mixed with dilution air at ambient 
temperature (~350 C) to bring down the temperature of the hot exhaust to ambient 
temperature for sampling.  The completely diluted exhaust was then directed to 
particle measuring instruments.  The dilution ratio was calculated by measuring 
the CO2 concentrations in the raw exhaust, dilution air and diluted exhaust.  The 
















3.5 Sample preparation for chemical analysis 
 
3.5.1 Reagents 
All the acids and reagents used for this study were of analytical grade: 
Nitric acid (HNO3, Fluka), Hydrogen Peroxide (H2O2, Sigma), Hydroflouric acid 
(HF, Sigma).  ICP-MS multi element standard including Al, K, Mg, Co, Cr, Cu, 
Fe, Mn, Cd, Ni, As, Ba, Ti, Zn, and Sr was obtained from Merck was used for 
calibration.  The standards from NIST (the National Institute of Standards and 
Technology, Gaithersburg, MD, USA):  SRM 1648a (urban particulate matter) 
was used for recovery and quality control studies.  SRM 1648 has certified values 
for many trace elements.  These values were provided in Table 3.4. 
 
Table 3.4: Certified Values for trace elements in SRM 1648a 
 




 3.5.2 Sample preparation 
A closed vessel microwave digestion system (Model: MLS-1200 mega, 
Milestone, Italy) was used for total metal extraction from particulate filters.  It 
consists of a five-layer PTFE coated microwave cavity, HPR/1000/10S Rotor, 
Vapor expurging system and a control unit for power and temperature settings 
along with a  compact terminal screen for display of operation parameters.  The 
microwave power output range from 0–800 W and temperature can be increased 
up to 3000C.  100-ml Teflon vessels (10 vessels), custom made to fit the rotor 
assembly for the microwave, were used for sample digestion.  Prior to their use, 
the Teflon vessels were sonicated for 15 min with 10% HNO3 and soaked in 2% 
HNO3 acid overnight to prevent contamination.  Finally, these vessels were rinsed 
with ultrapure water at least three times. 
 
Half of the filter samples was cut using a pair of ceramic scissors to 
prevent the sample from getting contaminated and were placed in Teflon vessels.  
Appropriate reagents were added one by one [HNO3 (4 mL); H2O2 (2 mL); HF 
(0.2 mL)].  Then the vessels were capped, placed in the microwave system, and 
digested.  The sample mixtures were digested using the protocol as summarized in 
Table 3.5.  The filter substrates containing PM were totally digested.  After the 
digestion, it was noticed that in contrast to the Quartz filters, Teflon filters did not 
dissolve completely in the acid mixture.  After cooling to the room temperature, 
the sample digests were carefully transferred to HDPE sample vials (BD Falcon, 
USA) and diluted to 50mL using ultrapure water.  These extracts were then 
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carefully filtered through 0.2 µm PTFE syringe filters (Sterlitech Corp., USA) and 
refrigerated at 4 ◦C until analysis. 
Table 3.5: Instrument parameters for microwave digestion program 
 
Step Time (min) Power (W) Temperature 
1 5 250 95 
2 5 400 120 
3 2 600 130 
 
3.5.3 Sample analysis  
 
PM filter extracts were analyzed for trace metals and elements using an 
Inductively Coupled Plasma Mass Spectrometer (ICP-MS) (Model: Elan 6100, 
Perkin-Elmer Inc., USA).  The ICP-MS was equipped with a cross flow nebulizer 
and a Quartz torch.  The operating parameters of ICP-MS used in this study are 
listed in Table 3.6.  The instrument, with Pt sampler and skimmer cones, was 
maintained and operated as recommended by the manufacturer.  The nebulizer gas 
flow rate was adjusted to keep the CeO/Ce and BaO/Ba ratios less than 2%.  A 
Gilson Miniplus 2 peristaltic pump was used to remove the waste from the 
nebulizer.   
 
A five point calibration (5, 10, 50, 100 and 200 µg L-1) was performed for 
15 elements every time prior to sample analysis.  Sample analysis was conducted 
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only when the regression coefficients for all 15 elements were better than 0.99.  
Ultra pure water was injected several times to clear the instrument and calibration 
was performed again.  Spiked standards and blanks were run after every 10 
samples to verify the system stability. 
 
Table 3.6: ICP-MS operating parameters 
RF forward Power (kW) 1.1 – 1.2 
RF matching (V) 2 
Plasma gas flow rate (L min-1) 16 
Auxiliary gas flow rate (L min-1) 1 
Nebulizer gas flow rate (L min-1) 0.93 
Sample uptake rate (ml min-1) 1 
Data acquisition Peak hopping 
Dwell time 50-100ms 




3.6 Materials and reagents for toxicological Studies 
A-549 (Cat No: CCL-185), a human lung epithelial cell line originating 
from 58-year old male Caucasian patient with lung carcinoma, was purchased 
from American Type Culture Collection, ATCC, USA.  Culture media (F-12 K) 
for A 549 cells and antibiotic (penicillin streptomycin) were obtained from 
Invitrogen Corporation, USA.  Fetal Bovine Serum (FBS) was obtained from Hy-
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clone, USA.  10x PBS (Phosphate Bufffer Solution) was prepared using 80g NaCl 
(Sigma-Aldrich, USA), 2.0g of KCl (Sigma-Aldrich, USA) , 14.4g of Na2HPO4 
(Sigma-Aldrich, USA), and 2.4g of KH2PO4 (Sigma-Aldrich, USA).  For 
cytotoxicity studies, Apotox-Glo triplex assay and GSH-Glo glutathione assay kits 
were purchased from Promega, USA.  Reagents such as dimethyl sulfoxide 
(DMSO, Applichem GmbH, Germany), agarose (Pronadisa, Spain), Comet slides 
(Trevigen, USA) 1% Triton X (Trevigen, USA), Cytochalasin B (Sigma-Aldrich, 
USA), Hank’s balance salt solution (HBSS, Sigma-Aldrich, USA) were used for 
genotoxicity studies.  Buffers such as lysis buffer (2.5M NaCl (Sigma-Aldrich, 
USA), 0.1M EDTA (Sigma-aldrich, USA), 10mM Tris base, pH 10) and alkaline 
buffer (0.3M NaOH, 1 mM EDTA), and neutralization buffer (0.5M Tris-HCl 
(Sigma-aldrich, USA), pH 7.5) were prepared in-situ.  Carnoy’s fixative was 
prepared from methanol (Sigma-Aldrich, USA) and acetic acid (Sigma-Aldrich, 
USA) in 3:1 ratio.  Cell culture flasks (25 cm2, 75 cm2), and centrifuge tubes (15 
and 50 ml) were purchased from BD Falcon, USA and cryovials were obtained 
from (Greiner, UK). 
 
3.7 Cell Culturing 
The human lung epithelial cell line A-549 was cultivated in F-12K culture 
medium supplemented with 10% (v/v) FBS, 1% penicillin/streptomycin.  Cells 
were incubated at 37°C in humidified air with 5% CO2.  Cell culture flasks (75 
cm2 of growth surface) were used for standard cultivation.  Sub-cultivation was 
performed at 70 – 90 % cell confluence.  For this purpose, medium was aspirated 
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and cells were washed with pre-warmed PBS solution.  1.5 ml of (1x) 
trypsin/EDTA solution was added in order to detach cells from the flask surface.  
After 5 min incubation at 37°C, detached cell-aggregates were separated by 
multiple up-down suction with a pipette.  5 ml of fresh F-12K medium 10% (v/v) 
FBS was added in order to stop the activity of trypsin.  An aliquot of the cell 
suspension was then taken and was diluted in fresh culture medium for further 
cultivation in a new culture flask.   
 
3.8 Cell Exposure 
For exposure, A549 cells were cultured in 6-well flat bottom plates (105 
cells per well), in the nutrient media.  Cells were allowed to attach to the plate 
bottom overnight prior to the experiment.  Filters containing PM2.5 from the 
exhaust of ULSD, B100 and B50 at different loads were cut into 3.81 cm diameter 
circles using ceramic scissors and autoclaved for 15 min at 500 psi and 121 °C.  
After autoclaving, they were placed in the wells upside down with the collected 
PM in contact with the cells at bottom of the wells.  In addition, cells were 
exposed to blank autoclaved filters without any PM.  Control wells were 
maintained untreated (wells without any filters).  The cells were exposed to the 
filters for a period of about 48 hours.  Following the treatment, the filters were 
removed carefully and the plates were observed under a light microscope 
(Olympus CK 40) to detect morphological changes.   
 
3.9 Cytotoxicity Assay 
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Two assay kits Apotox-glo triplex assay and GSH-glo were used for this 
purpose.  The assays measured cell viability, cell death, apoptosis and glutathione 
(GSH) levels.  GSH levels were measured as they serve as an indirect indicator of 
ROS to antioxidant status in the cell.   
 
3.9.1 Cytoxoicity, Cell viablitiy, Apoptosis 
Apotox-glo assay kit contains glycylphenylalanyl-aminofluorocoumarin 
(GF-AFC) substrate, bis-alanylalanyl-phenylalanyl-rhodamine 110; bis-AAF-
R110, assay buffer, caspase-3/7 buffer, and caspase -3/7 substrate.  GF-AFC is a 
marker for cell viability, while bis-AAF-R110 is a marker for cytotoxicity or cell 
death.  GF-AFC, a cell-permeant substrate, enters the intact living cells and reacts 
with live cell protease.  Bis-AAF-R110 on the other hand is cell-impermeant and 
reacts with active dead cell protease released from cells that have lost membrane 
integrity.  Because bis-AAF-R110 is not cell-permeant, essentially no signal from 
this substrate was generated by intact, viable cells.  The live- and dead-cell 
proteases produced different products, AFC and R110, which have different 
excitation and emission spectra, allowing them to be detected simultaneously 
(Figure 3.3).   
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Figure 3.3: The biology of the Viability/Cytotoxicity Assay.  The GF-AFC 
Substrate can enter live cells where it is cleaved by the live-cell protease to 
release AFC.  The bis-AAF-R110 Substrate cannot enter live cells but instead can 
be cleaved by the dead-cell protease to release R110. 
 
In the second part of the assay, caspase 3 and 7 activities were measured.  
These members of the cysteine aspartic acid-specific protease (caspase) family 
play key effector roles in apoptosis in mammalian cells.  The presence of these 
caspases would indirectly indicate the apoptotic capacity and functioning of the 
cells.  To do this, caspase-Glo 3/7 reagent (prepared by mixing caspase 3/7 
substrate, caspase 3/7 buffer and assay buffer) was added to cell cultures.  This 
resulted in cell lysis, followed by caspase cleavage of the substrate and generation 
of a “glow-type” luminescent signal produced by luciferase.  Luminescence is 
proportional to the amount of caspase activity present.  Thus, the measure of 
caspase activity can be determined.  The schematic representation of the second 
part of the assay is shown in Figure 3.4 below. 
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Figure 3.4: Caspase-3/7 cleavage of the luminogenic substrate 
containing the DEVD sequence.  Following caspase cleavage, a substrate 
for luciferase (aminoluciferin) is released, resulting in the luciferase 
reaction and the production of light. 
 
 
The reagents were first thawed at temperatures as advised in the protocols.  The 
assay buffer, GF-AFC substrate and bis-AAF-R110 substrate were thawed by 
immersing them in a water bath at a temperature of 37°C.  Caspase-Glo® 3/7 
Buffer and Caspase-Glo® 3/7 substrate were left to thaw under room temperature.  
10 µl of GF-AFC substrate and bis-AAF-R110 were transferred into 2ml of Assay 
Buffer.  The Assay Buffer containing substrates were mixed by placing the 
contents in a vortex until the substrates were thoroughly dissolved.  This reagent 
formed the Viability/Cytotoxicity Reagent.  The Viability/Cytotoxicity reagents, 
which contained both GF-AFC substrate and bis-AAF-R110 substrate, were used 
within 24 hours.  20 µl of Viability/Cytotoxicity reagent containing both GF-AFC 
 59 
substrate and bis-AAF-R110 substrate were added to all wells, and briefly mixed 
by orbital shaking (300–500rpm for ~30 seconds).  The plates were then 
incubated for 30 minutes at 37°C.  The fluorescence intensity was measured at the 
following two wavelengths; 400Ex/505Em to measure cell viability and 
485Ex/520Em for the measure of cytotoxicity or cell death using Tecan micro 
plate reader (Model: GENios, TECAN, USA).  Following that, 100 µl of Caspase-
Glo® 3/7 reagent was then added to all wells, and briefly mixed by orbital 
shaking (300–500 rpm for ~30 seconds).  The plates were then incubated for 30 
minutes at room temperature.  This was done so to improve the assay sensitivity 
and dynamic range.  Luminescence was then measured for detection of caspase 
activation which indicated apoptosis. 
 
 
3.9.2 Oxidative Stress/ GSH acitivity 
The GSH-Glo™ Glutathione Assay was used to determine the levels of 
reduced glutathione (GSH) in the cells.  GSH is a potent antioxidant, and can 
serve as an indicator for oxidative stress and ROS generation.  GSH is a good 
predictor of oxidative/antioxidative status of the cell. 
 
GSH-Glo is a luminescence-based assay for the detection and 
quantification of GSH.  The assay was based on the conversion of a luciferin 
derivative into luciferin in the presence of glutathione, catalyzed by glutathione S-
transferase (GST).  The signal was generated in a coupled reaction with luciferase 
and was proportional to the amount of glutathione present in the sample.  The 




Figure 3.5: The GSH-Glo™ Glutathione Assay is performed in two reactions 
to emit luminescent light proportional to glutathione. 
 
 
The GSH-Glo™ eeagent, which contains Luciferin-NT substrate and 
Glutathione S-Transferase, was diluted 1:100 in GSH-Glo reaction buffer.  10 ml 
of GSH-Glo was prepared by adding 100 µl of Luciferin-NT substrate and 100 µl 
of Glutathione S-Transferase to 10 ml of GSH-Glo reaction buffer.  The assay 
required that a GSH standard solution be included.  This was done by diluting the 
GSH standard solution, Glutathione, 5 mM in water 100 times.  Then,  serial  1:1 
dilutions were carried out using water such that a range from 0 µM to 5 µM was 
achieved to have a calibration curve for the standard.  After the period of exposure 
for cells, the culture medium was carefully removed and 100 µl of prepared GSH-
Glo reagent was added.  Then, 100 µl of reconstituted luciferin detection reagent 
was added to each well, and was incubated at room temperature for 30 minutes.  






3.10 Genotoxicity Assay 
3.10.1 Alkaline Single-Cell Gel Electrophoresis (Comet assay) 
 Alkaline Single-Cell Gel Electrophoresis (Comet assay) was used to 
estimate DNA damage in A549 human epithelial cell line after exposure to PM 
filters.  After the exposure, cells were trypsinized and washed twice in PBS.  Cells 
were then re-suspended in ice cold HBSS with 10% DMSO.  5 µl of suspension 
was placed on normal slide to check cell density under microscope using 10 x 
magnification.  Sparse or low cell density was preferred for the assay.  Once the 
low density of cells was ensured, the cells were embedded on comet slides with 
0.7% low melting point (LMP) agarose which was prepared by adding 0.07 g in 
10 ml of ultra pure water, heating it to 700 C and maintaining at 390 C until use.  
Once the agarose was set, comet slides were soaked in prechilled lysis buffer with 
1% Triton X in coplin jar for 1 hr at 40 C.  The slides were then subjected to 
denaturation in alkaline buffer for 40 min in a dark room.  Electrophoresis was 
conducted with 300 mA at 25 V for 20 min.  The slides were then placed in 
neutralizing buffer for 10 min.  Slides were then soaked in 70% ethanol for 10 
min and air dried in a chamber at 370 C.  Slides were stained with 25µl SYBR 
green dye prior to analysis.  DNA damage results in increasing DNA migration 
away from individual cells and produces a characteristic comet shape.  The 
scoring was done by randomly scanning and measuring 50 comets per slide.  The 
comets selected for scoring were of uniform nuclear size.  The scoring was done 
by visual inspection under the microscope. 
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3.10.2 Cytokinesis-Blocked Micronucleus Assay (CBMN) 
 Cytokinesis-Blocked Micronucleus Assay (CBMN) measures the 
chromosomal breakage that occurs due to exposure of cells to PM filters.  After 
exposing the cells to PM for 48 hr.  Filters were removed and cytochalasin B was 
added to the cell culture media and further incubated for 22 h.   Cells were 
detached from the plates by using trypsin and were treated with ice cold KCL and 
centrifuged immediately.   The pellets were washed with carnoy’s fixative three 
times and then fixed with carnoy’s fixative.  Few drops of formaldehyde were also 
added to preserve cytoplasm and were then kept at 40 C for at least 4 days.  Cells 
were streaked on clean glass slides and dried and stained with acridine orange (30 











Chapter 4: Physical characterization of particulate 
matter emitted from ultra low sulfur diesel and biodiesel 
derived from waste cooking oil 
4.1 Introduction 
Typically, DEP are agglomerates of many primary spherical particles of 
about 15-40 nm diameter.  Airborne particles differ in size, composition, solubility 
and therefore also in their toxicological properties.  It is a well-established fact 
that the current standards on diesel engine emissions not only improved the 
engine technology but also the fuel quality.  These modern day engines emit 
particles of very low diameter (Su et al.  2004).  Most of the particle mass exists 
in the accumulation mode in the diameter range of 0.1-0.3 µm (Kittelson, 1998).  
A large part of UFPs (UFPs, aerodynamic diameter ≤ 0.1 µm) go unnoticed when 
only mass concentration is used as a metric.  UFPs contribute a small fraction to 
the mass concentration of ambient aerosol particles, but may contribute 
disproportionately to their toxicity because of their high number concentration 
and surface area, high deposition efficiency in the pulmonary region, and high 
propensity to penetrate the epithelium (Donaldson et al., 2000).   
 
 Most of the previous research on DEP characterization has been mainly 
focused on vehicle exhaust in order to improve urban air quality (Maricq, 2000; 
Kittelson, 1998; Kleeman et al., 2000; Holmen and Ayala, 2002; Lapuerta et al., 
2008).  However, very little attention has been paid towards the PM emissions 
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from off-road diesel engines until recent times when USEPA finalized and 
adopted emission regulatory standards for off-road (USEPA, 2004) and stationary 
engines (CFR, 2006).  Although these engines might be smaller in number when 
compared to on-road vehicles, PM emissions from them can account for a 
significant fraction of total DEP due to the less advanced control of their 
emissions.  For example, it has been reported that off-road diesel engines account 
for 47% of mobile-source fine particles (PM2.5) in the USA and this number is 
estimated to increase to 70% by 2020 if regulatory measures are not undertaken 
(USEPA, 2004).  Moreover, increased usage of stationary engines such as back-up 
power generators to meet growing energy requirements can only make the current 
situation worse (Ryan et al., 2002; Pistenmaa et al., 2003).  This scenario is 
especially applicable to fast growing and developing countries due to the lack of 
regulatory standards for off-road and stationary diesel engines.   
 
  In order to reduce PM emissions from diesel engines and to meet the 
future energy requirements, biodiesel is considered as a potential alternative to 
diesel fuel.  Biodiesel is considered as an alternative fuel for petroleum-based 
diesel fuels for a number of reasons as discussed in chapter 1 and 2.  However, 
one major problem that biodiesel poses for its manufacturers is its high production 
cost.  Costs of raw materials (vegetable oils) are one of the major contributors to 
its production costs (Zhang et al.  2003).  Use of WCO can cut production costs as 
it is essentially a waste product (Kulkarni and Dalai 2006).  The production of 
biodiesel from WCO also helps prevent the pollution of water bodies which in 
turn have adverse effects on the environment and human health (Wilsee, 1998).  
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Because of these reasons, biodiesel from used vegetable oils appears to be a 
favorable source.  Biodiesel generated from both used and unused vegetable oils 
is supposed to have similar potential in reducing pollutant emission from diesel 
engines.  However, there is not much information available on particle emissions 
from WCOB.  Only very few studies (Lapuerta, et al.  2008b; Kalligeros et al., 
2003; Cetinakaya et al., 2005; Durbin, et al.  2007) have been reported recently.  
The reported studies mainly showed comparisons with conventional low sulfur 
diesel fuel; however, no report is available in the literature on biodiesel in 
comparison with the now available ULSD.  This study aims to compare PM 
emissions from a diesel engine when fuelling with ULSD fuel and biodiesel from 
used cooling oil (WCOB) as well as its blends.  Particle mass and size-
differentiated number concentrations were measured for different loads and for 
different blends of biodiesel.  The engine performance for different blends was 
also evaluated and is discussed in this chapter.  These results are expected to 
encourage the public and private sectors to improve the collection and recycling 
of used cooking oil to produce biodiesel. 
 
4.2 Experimental 
4.2.1 Test Engine and Fuel Properties 
Experiments were conducted on a single cylinder, four-stroke, diesel back 
up generator fueled with ULSD, WCOB and a blend of both the fuels.  Detailed 
specifications of the test engine and fuel properties are provided in section 3.1.   
 
 66 
4.2.2 Particulate sampling 
  Engine exhaust was sampled through a dilution tunnel system designed 
using Dekati Diluters (DI-1019; Dekati Ltd, Finland) as described in section 3.4.  
A Fast Mobility Particle Sizer (FMPS, Model 3091, TSI Incorporated) was used 
to measure the particle size distribution (PSD) and particle number concentrations 
(PNC) in the diluted exhaust.  The PNC measurements were then corrected based 
on the dilution ratio (DR).  Aerosol particles were collected on 47mm Teflon 
membrane (Pall Corporation Inc., USA) and on pre-combusted 47mm quartz fiber 
filters in duplicates (Whatman, USA) using air samplers (MinivolTM, Air metrics 
Ltd)  equipped with a cyclone (cut size = 2.5 µm).  Gravimetric mass 
concentrations of PM2.5 were obtained by dividing the mass of particles collected 
onto the filter by the volume of the exhaust sampled through the filters.   
 
Experiments were carried out at steady state at rated rpm (see Table 3.1) 
and four different engine loads.  Before changing the fuel, exhaust sampling lines 
and dilution tunnels were cleaned with acetone to remove the soot deposited onto 
the walls.  After adding the fuel, the engine was warmed up for one hour to purge 
any other sampling artifacts.  For every increase in load, the engine was warmed 
up for 10 minutes.  Brake specific fuel consumption (BSFC) and Brake thermal 
efficiency (BTE) were calculated by measuring the fuel consumption rate of the 
engine during each test condition using a fuel measuring gauge and a stop watch.  
The exhaust was then measured for PNC and PSD using the FMPS.  The diesel 
generator was operated at four different load conditions:  idle, 30%, 70%, and 
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100% of maximum output power.  The load onto the generator was applied using 
3 different electric pumps (0.4 kW, 0.5 kW and 2.1 kW).  The pumps were 
operated in combinations to apply the load of 0.9 kW, 2.1 kW and 3 kW onto the 
generator which corresponded to 30%, 70%, and full load on the generator.  The 
emission experiments were carried out using ULSD, WCOB and their blends for 
each load.   
4.2.3 Validation of dilution tunnel sampling system 
To evaluate the performance of the dilution sampling system and validate 
the sampling system built for this study, experiments were conducted using the 
diesel engine fueled with ULSD.  Engine exhaust was sampled through a dilution 
tunnel under different operating parameters and the data obtained were 
investigated for the effect of dilution conditions on characteristics of exhaust 
particle emissions. 
 
Three cases with different parameters were studied as listed in Table 4.1.  
Case 1 was conducted under ambient conditions with dilution gas as air.  Cases, 2 
and 3 were conducted at elevated temperatures of both dilution air and dilution 
tunnel to avoid nucleation, condensation and wall losses.  Conditions of 






Table 4.1: Parameters in different cases to characterize the particulate 
emissions 
 





















1 35 35 
35 35 Air No Load 2 100 100 
3 150 150 
 
 
4.3 Results and discussion 
4.3.1 Performance of dilution tunnel 
Total number concentration of the engine exhaust sampled through the 
dilution tunnel for all three cases is shown in Figure 4.1.  As shown in the figure, 
with increase in temperature of the dilution air and dilution chamber, the total 
PNC decreased. However, the decrease in total number concentration was non-
linear.  When the temperature was increased from 350C to 1000C, there was not 
much change in the number concentration, but, when temperature was increased 
to 1500C a significant reduction in total number concentration was observed.  This 
non-linear decrease in PNC can be explained with the available information on 
particle nucleation.   
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Figure 4.1: Variation of total number concentration with increase in dilution 
temperature 
 
The critical value ( critC ) for the gas phase concentration of sulfuric acid 
required for binary nucleation to take place is given by the following formula 
(Jackervoirol and Mirabel 1989) 
)7.275.31.0exp(16.0 −−= rhTCcrit    (4.1) 
 
where critC  is in µg/m
3
, T is Temperature in Kelvin, rh is scaled between 0-1.  
When the critical ratio critCgSOH )(42  becomes greater than 1, nucleation (gas-
particle conversion) occurs instantaneously, leading to the formation of fresh 
nuclei in another log-normal distribution; these are called dilution-induced nuclei 
mode particles. 
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From eq. (4.1) in, it could be seen that the critical concentration for 
nucleation increases exponentially with temperature.  At a temperature of 1000C, 
the critical concentration calculated from eq. (4.1) was 2.4 mg/m3 and when the 
temperature was increased to 1500C, it was 350 mg/m3.  It appears that, at 1000C 
the critical concentration was not sufficiently high enough to decrease the 
saturation ratio below 1, but at 1500C the saturation ratio dropped below 1, so the 
nucleation was reduced resulting in a decrease of total number concentration.   
 
The PSD of exhaust emissions for all the three cases are shown in Figure 
4.2 and their volume distributions in Figure 4.3.  It should be noted from Figure 
4.2, that in Case 3 higher PNC in the 5 ~30 nm diameter range were observed.  
The average PNC in the size range of 5-30 nm obtained in Case 3 was 
approximately 1.5 times higher than that in case 1.  There is a little increase, 
however, not statistically significant, in the PNC (1.1 times) between Case 1 and 
Case 2 in the 15-30 nm diameter range.   This observation can be attributed to the 
heating of dilution air and the primary dilution tunnel that minimizes the vapor 
pressure of volatile components and thus avoids the formation of nucleated 













































































Figure 4.3: Comparison of particle volume distribution for the three cases 
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In contrast, Case 1 should facilitate nucleation as the hot exhaust samples 
were diluted inside the primary dilution tunnel at a temperature of about 350C.  
Hence the large amount of nucleation particles should be measured in Case 1 than 
in Case 3, but the experimental results are contrary.  This contradiction can be 
explained by the existence of super-saturated mixture in the dilution tunnel in 
Case 1.  As explained by Zhang and Wexler (2004), a supersaturated mixture can 
result in the condensation of vapor molecules onto the surface of particles.  This 
process tends to cause the nucleation particles to grow into accumulation 
particles.  The fact that the total particle number concentration was less in Case 3 
(Figure 4.1) when compared to Case 1 suggests that new particles were formed in 
Case 1.  However, they did not exist as nucleated particles but grew into 
accumulation particles due to condensation of super saturated mixture onto the 
particles that were newly formed.  Hence, the smaller nuclei mode particles were 
observed in Case 1 than in Case 2 and Case 3.  In fact, the existence of smaller 
particles in Case 3 indicates the absence of condensation, therefore, particle 
growth.  Hence, the dilution conditions of Case 3 prevented the diluted exhaust 
samples from changing to supersaturated mixture during dilution process, thus 
preventing nucleation and condensation.   
 
In general, the particle total volume concentrations (Figure 4.3) obtained 
from all three cases indicate that the particle volume was higher in Case 1 
(4.86E+11 nm3/cm3) when compared to Cases 2 and 3 (3.93E+11 and 3.30E+11 
nm3/cm3).  Peak particle diameters for Cases 1 and 2 were the same both for 
number and volume size distributions; however, in Case 3 the peak diameter 
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decreased.  Although there was not a significant change in volume size 
distribution in 5~30 nm diameter ranges, it showed a significant difference in the 
accumulation mode (diameter > 50 nm) range.  Accumulation mode particles 
contribute more to volume than the nanoparticles (diameter < 50 nm).  Therefore, 
differences in the accumulation particles are clear in the volume distribution plot 
than the corresponding number size distributions.  Although volume 
concentrations in Case 1 were higher for particle diameter greater than 50 nm, a 
shift occurred at diameters greater than 100 nm.  Beyond this point, the volume 
concentration was more in case 3 than that in Cases 1 and 2.  This suggests that 
the larger particles were probably deposited on the walls of the primary dilution 
tunnel due to thermophoresis during particle transmission in Case 1 and 2, hence 
causing the large reduction in volume concentration.   
 
As noted in the Figure 4.3, although Case 2 was conducted at higher 
temperatures particle losses still happened indicating that the temperature gradient 
between the mixture and the tunnel walls was still large enough for particle 
deposition at that temperature but when temperature was increased to 1500C, 
losses was reduced.  Therefore, a rise in particle volume was observed for case 3.  
These results suggest that the current dilution tunnel developed was good enough 
to preserve the particle size distribution and reduce particle losses when operating 





4.3.2 Engine Performance 
Brake specific fuel consumption (BSFC) and brake thermal efficiency 
(BTE) are both commonly used parameters for evaluating engine performance.  
These parameters can be calculated by measuring the volumetric fuel 
consumption rate and power generated by the engine.  BSFC, the ratio of fuel 
mass consumption to output power, and BTE, the ratio of output energy to input 
energy, were calculated at each load for different fuel blends and are shown in 
Figures 4.4 (a) and (b)  
 
As shown in Figure 4.4(a), for a given load, BSFC was higher for 
biodiesel and biodiesel blends when compared to ULSD.  The higher fuel 
consumption of biodiesel was due to its lower heating value.  The loss of the 
heating value while using biodiesel was compensated by higher fuel consumption 
in order to generate the same power as for the ULSD.  This higher fuel 
consumption may explain an increase in BSFC for biodiesel.  BTE for biodiesel, 
on the other hand, was not significantly different from that for ULSD.   As shown 
in Figure 4.4 (b), for lower loads, the BTE for biodiesel and its blends was only 
slightly lower than that of ULSD and the difference was not significant at higher 










Figure 4.4 Effect of different fuels on (a) brake-specific fuel consumption (b) 
brake thermal efficiency of engine. 
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4.3.3 Particle Mass Concentration 
 
Figure 4.5 Effect of biodiesel on particle mass concentration at various loads 
Biodiesel and blends of ULSD – biodiesel had a significant effect on 
particulate emissions.  PM2.5 (AED ≤ 2.5 µm) concentrations for ULSD and 
biodiesel blends were evaluated gravimetrically, and are shown in Figure 4.5.  
PM2.5 mass collected on filters ranged from 129 to 397 µg for various fuel 
samples.  It was found that with an increase in percentage of biodiesel in the fuel 
mixture, particle mass was reduced by 20.2 % for B50, and 35.1 % for pure 
biodiesel (B100) during idle mode and by 26.9 % for B50 and 36.6 % for pure 
biodiesel (B100) at full load.  A two sample t-test assuming unequal variances was 
performed to determine if the reduction in the PM concentration between ULSD, 
biodiesel, and blends of biodiesel was significant.  The reduction of PM 
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concentration for B50 and B100 was statistically significant (tstat > tcritica at p-value 
< 0.05) at all loading conditions with the exception at 70% load.  For a particular 
fuel blend, the PM mass increased with load. 
 
Lapuerta et al. (2008a) reported that many previous studies observed PM 
reductions in the range of 40-70% when biodiesel was used.  The percentage 
reduction of PM2.5 observed in this study (~35% at full load) was slightly lower 
than the range reported by Lapuerta et al. (2008a).  This is mainly because most of 
the studies, as reported by Lapuerta et al. (2008a) in their review paper, compared 
biodiesel to conventional low sulfur diesel (sulfur content < 500 ppm) whereas in 
our study ULSD (sulfur content < 15 ppm) was used.  The PM emissions from 
ULSD were reduced by 9.2 – 56.6% when compared to conventional diesel 
(Zhang et al., 2009).  Therefore, the percentage reduction in PM emissions 
observed with biodiesel in comparison to ULSD was relatively lower than those 
reported by Lapuerta et al. (2008a).  The reduction in PM emissions when using 
biodiesel can be attributed to the following reasons: (1) the absence of aromatics 
(Knothe et al., 2006), which are considered as soot precursors, in biodiesel 
reduces the amount of PM formed during combustion; (2) the higher oxygen 
content in biodiesel tends to enhance the combustion process resulting in lower 
particulate emissions; and (3) Finally, the presence of unsaturated fatty acids in 
biodiesel leads to more complete combustion processes.  Unsaturated fatty acids 
have lower boiling points than diesel, and they can evaporate faster in the 
combustion chamber than diesel (Song and Zhang, 2008). 
In addition, as shown in Table 3.2, the higher viscosity and density of 
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biodiesel compared to ULSD can lead to an increase in the injection pressure.  
Likewise, higher bulk modulus of compressibility of vegetable oils and their 
methyl esters can lead to advanced injection timing (Boehman et al., 2004) while 
using biodiesel.  As a result, the biodiesel fuel enters the combustion chamber 
relatively quicker compared to ULSD (Lapuerta et al., (2008a).  This 
advancement in combustion process while using biodiesel increases the residence 
time of soot particles in the combustion chamber, and thus they undergo further 
oxidation (Cardone et al., 2002) leading to reduction in PM emissions. 
 
4.3.4 Particle Number Concentrations and Size distribution 
A summary of PNC of diesel and biodiesel emissions during different 
engine operating conditions is provided in Table 4.2 and their size distributions 
are shown in Figures 4.6 (a)-(c).  In contrast to PM mass emissions, PNC 
decreased with an increase in load for all the fuels (shown in Table 4.2).  At 
higher biodiesel-ULSD blend ratios, the percentage decrease in PNC with 
increasing load was relatively small compared to ULSD.   For ULSD, total PNC 
decreased by 26% at full load when compared to idle or no load conditions 
whereas, for biodiesel, it decreased by only around 9%. 
 
It is expected that in diesel engines, particle counts would increase with an 
increase in load.  However, a decrease in PNC with increasing load was observed 
in this study.  Chung et al.  (2008) also observed a reduction in PNC at higher 
loads in their study using a Yanmar back-up generator similar to the one used in 
this study.   This observed decrease in PNC was probably due to the transfer of 
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particles from nucleation to accumulation or coarser mode at higher loads.  It was 
observed that at higher loads, nucleation mode particles which contribute to a 
major fraction of total number decreased and accumulation mode particles 
increased.  As a result, there was an overall decrease in total PNC.  This shift in 
particles from the nucleation mode to the accumulation mode was evident from 
the PSD shown in Figure 4.6 (a) - (c).  From the PSD shown in Figure 4.6, it can 
be observed that with the increase in load, particle peak diameters increased for 
all fuels.  The magnitude of the increase in particle peak diameters at higher loads 
was greater for the ULSD than the biodiesel.  For ULSD, the peak diameter 
increased from 52.3 nm at idle mode to 93 nm at full load and for biodiesel 
(B100) peak diameter increased from 34 nm at idle to 52.3 nm at full load.   
 
In their study on particle emissions from stationary diesel engines, Di et 
al.(2010) and Zhu et al. (2010) reported an increase in total PNC when engine 
load was increased.  Although there is no definitive explanation for the difference 
in particle emission trends observed by the above-mentioned studies and trends 
observed in this study as well as the study by Chung et al (2008), a possible 
reason can be the differences in engine capacities and operating conditions.  Both 
Di et al. (2010) and Zhu et al. (2010) conducted their studies on diesel engines 
which had much larger capacity and power (~4000 cc and 88 kW).   However, the 
stationary diesel generator used in this study (296 cc and 4.5 kW) and the one 
used by Chung et al.  (2008) (4.8 kW) have lower capacity and power.   
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Table 4.2 Total PNC for ULSD and biodiesel blends at various load 
  Peak diameter (nm) Total particle number concentration(# cm-3 ) 
Engine Load 
(%) Diesel B20 B50 B100 Diesel B20 B50 B100 
0 52.3 45.3 34 34 1.14E+07 1.05E+07 9.57E+06 8.98E+06 
30% 60.4 52.3 39.2 39.2 9.82E+06 8.99E+06 9.19E+06 8.58E+06 
70% 80.6 69.8 52.3 45.3 9.00E+06 8.91E+06 8.87E+06 8.40E+06 















Figure 4.6: Particle size distribution of emissions at different loads (a) ULSD 
(b) B50 and (c) B100 
 
Figure 4.7 shows the relative number percentage of nucleation (diameter < 
50 nm), accumulation (50-100 nm) and fine particles (diameter > 100 nm) emitted 
from diesel and biodiesel (B100) fuels at various loads.  Biodiesel had relatively a 
higher fraction of nucleation mode particles ranging from 55% to 70 % at 
different loads when compared to diesel (35% – 60%).  A decrease in the nuclei 
mode particles (diameter < 50 nm) and an increase in accumulation and fine 
particles (diameter > 100 nm) were observed with an increase in load for both the 
fuels.  For the stationary engine running with ULSD at full load, nucleation 
(32%), accumulation (40%) and fine particles (28%) shared almost a similar 
fraction of particles to the total PNC.  However, for biodiesel, nucleation (51%) 
B100 
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and accumulation mode particles (43%) were major contributors to the total 
number concentrations.  The fraction of accumulation mode particles increased 
from 30% during idle mode to 40% at full load in the case of ULSD, and a similar 
increase was observed for biodiesel as well (from 30% at idle mode to 43% at full 
load).  This observation implies that diesel engines emit more accumulation 
particles at higher loads.  At higher loads, more fuel is injected into the 
combustion chamber to generate additional torque needed and also the residence 
time for the particles in the combustion chamber decreases relatively.  Therefore, 
the oxidation of particulate soot tends to be reduced, leading to the release of a 
large fraction of accumulation and fine particles.  In the case of biodiesel, the 
inherent oxygen in the fuel improves the oxidation of soot.  Therefore, the 







Figure 4.7: Fractionation of particle emitted from (a) ULSD and (b) biodiesel 




Particulate emissions from a stationary diesel generator running on ULSD 
and biodiesel derived from WCO were investigated in this study.  The engine 
performance of biodiesel measured in terms of BSFC and BTE showed that the 
fuel consumption was higher in the case of biodiesel at almost the same 
combustion efficiency as with ULSD.  Both particulate mass and number 
decreased at higher biodiesel-ULSD blend ratios.  A large proportion of UFPs was 
observed in biodiesel than in ULSD.  At higher engine loads, total PNC 
decreased, which may be attributed to a large reduction in nucleation mode 
particles.   
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Chapter 5: Study of particulate-bound elements and their 
size distributions emitted from diesel engine fueled with 
from ultra low sulfur diesel and biodiesel derived from 
waste cooking oil 
This chapter describes the experimental study conducted on particulate-
bound elements of PM2.5 and also different sized particle ranging from 0.1 to 3.2 
µm.  Section 5.1 provides brief introduction on the need for investigating 
particulate bound-metals along with brief literature review on studies conducted 
so far on particulate bound metals.  Section 5.2 provides the details of 
experiments in sampling, analysis of fuel and particulate bound metals.  Section 
5.3 details the results obtained and possible reasons wherever applicable.  Finally 
a conclusion is provided in section 5.4 to summarize the finding of this study. 
5.1 Introduction 
DEP emitted from diesel engines has been of great concern globally 
because of adverse effects on human health (Nel, 2005; Oberdorster, 2001; 
USEPA, 2002) and the environment (Hansen et al., 2000; Jacobson, 2001).  
Several studies have reported public health-related problems such as airway 
inflammation, cellular inflammation, and lung cancer on exposure to DEP 
(Castranova et al., 2001; Garshick et al., 2004; Ohtoshi et al., 1998; Patel et al., 
2011).  The mechanisms by which DEP affect human health are not yet 
understood completely.  Recent evidences indicate that most of the adverse health 
effects due to inhalation of DEP are derived from oxidative stress initiated by the 
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formation of reactive oxygen species (ROS) within cells (Baulig et al., 2003; 
Gonzalez-Flecha, 2004).  DEP contains a variety of particulate-bound chemicals 
such as polycyclic aromatic hydrocarbons (PAHs), metals, carbonaceous and 
various other organic and inorganic compounds.  Some of these particulate-bound 
chemical components, especially transition metals, are known to significantly 
contribute to the ROS activity within cells (Hu et al., 2008; Verma et al., 2010).  
In order to address these potential health and environmental threats due to DEP 
and particulate bound chemical compounds emitted from diesel engines, research 
on engine design, fuel quality and on alternative fuels has been underway for 
several decades now.   
 
BD, chemically synthesized through transesterification of vegetable oils 
and derived from WCO, has received considerable attention in recent times as an 
alternative fuel to diesel (Agarwal, 2007; Demirbas, 2007).  Several 
characteristics of biodiesel such as higher cetane number, lower sulfur content, 
higher lubricity, degradability, higher oxygen content and absence of aromatic 
compounds make it a more environment friendly fuel as compared to 
conventional diesel (Fazal et al., 2010; Knothe, 2005).  Among the different types 
of BD, the one made by the transesterification of WCO has added advantages 
over other types of BD as described in previous chapters.  A number of studies 
were initiated to investigate and assess the effect of BD on particulate and other 
exhaust emissions from diesel engines mainly through comparative evaluation 
with DEP (Cardone et al., 2002; Cetinkaya and Karaosmanoglu, 2005; Correa and 
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Arbilla, 2008; Di et al., 2009; Karavalakis et al., 2009; Lapuerta et al., 2008a; 
Lapuerta et al., 2008b; Zhu et al., 2010).  Most of these studies placed major 
emphasis on the physical properties of PM such as PNC, mass, and their PSD.  
However, the chemical composition of PM emitted from BD combustion remains 
relatively less studied (Jalava et al., 2010; Karavalakis et al., 2011; Lin et al., 
2011a; Turrio-Baldassarri et al., 2004).  Till date very limited information is 
available regarding the effects of BD on emissions of particulate-bound metals 
despite their strong association with health effects as described earlier (Cheung et 
al., 2011; Dwivedi et al., 2006).   
 
Amongst the particulate-bound elements, transition metals such as Cr, Cd 
and Ni are considered carcinogenic (IARC, 1980; IARC, 1990; IARC, 1993).  
These elements when deposited in the lower airways can lead to acute and chronic 
effects on the lung (Bradshaw et al., 1998; Sobaszek et al., 2000).  Dwivedi et al.  
(2006) in their study on particulate-bound elements found that some of the 
elements such as Cr increased while other elements such as Cd and Ni were 
reduced with usage of B20 (a blend of 20% BD with ULSD – v/v fraction).  The 
BD used in their study was made from rice bran oil.  Particulate elemental 
composition is very much dependent on the type of feedstock used for the 
synthesis of BD.  BD derived from neat vegetable oils such as the one used by 
Dwivedi et al., (2006) is chemically different from WCO which undergoes 
thermal treatment due to frying and cooking (Kulkarni and Dalai, 2006).  
Therefore the chemical composition of PM emitted from the usage of WCO is 
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expected to be different from that of other BD emissions.   
 
In this study,  a comparative assessment and characterization of 15 
particulate-bound elements (K, Mg, Al, Co, Cr, Cu, Fe, Mn, Cd, Ni, As, Ba, Ti, 
Zn, and Sr) emitted from a stationary diesel generator running on B100,  ULSD 
and their blend B50 (50% biodiesel and 50% ULSD by v/v fraction) was 
conducted.  The PSD of atmospheric particulate-bound metals was also evaluated 
for all the fuels.  It is crucial in understanding their health effects by inhalation 
(Ntziachristos et al., 2007).   
 
5.2 Experimental 
5.2.1 Test Engine and Fuel properties 
Experiments were carried out on the stationary diesel engine (L70AE, 
Yanmar Corp).  ULSD, B50 and B100 were used as test fuels.  Decription of 
engine and fuel properties were described in Section 3.1 and 3.2 
5.2.2 Particle sampling 
PM2.5 samples were collected using mini-vol samplers (See section 3.3.2 
for full description).  In brief, diluted engine exhaust was drawn by mini-volume 
(min-vol) samplers at a flow rate of 5 ± 0.5 l min-1 and particulate samples were 
collected on 47mm diameter Teflon (PTFE) filters. PM Samples were collected in 
duplicates and the experiments were repeated twice. The samplers were cleaned 
and calibrated to ensure proper flow rate for sample collection.   
 
 89 
MOUDI (Micro-orifice Uniform Deposition Impactors) and Nano-
MOUDI (Nano Micro-orifice Uniform Deposition Impactors) samplers were used 
to collect size segregated PM on Teflon filters that were pre-loaded on the 
impaction plates of MOUDIs. All filters used in this study were inspected for 
defects under bright illumination. The exhaust was drawn for 45 mins into the 
MOUDIs at 30 ± 1 l min-1.  Gravimetric mass concentrations of PM collected 
from all stages were obtained by dividing the mass of particles collected by the 
volume of exhaust sampled.  After gravimetric analysis was carried out, the 
sample was transferred to an individual sample container (petrislides) and stored 
at 40C until extraction and subsequent analysis.  
 
5.2.3 Sample preparation and particulate-bound elemental analysis. 
The detailed procedure of sample preparation and analysis was reported by 
Karthikeyan et al (2006) and was also described in section 3.5.  Briefly, 4 mL of 
69.5% nitric acid (HNO3; Fluka), 2 mL of 30% (H2O2; Sigma) and 0.5 mL of 48% 
hydrofluoric acid (HF; Sigma) were added in a telfon vessel along with filters.  A 
closed-vessel microwave digestion system (MLS-1200 mega, Milestone Inc., 
Italy) was used for digestion at 250 W for 5 min, followed by 400W for 5 min and 
finally, 600 W for 2 min.  The extracts were then carefully filtered through a 0.45 
µm PTFE membrane filter, diluted with ultra pure water (Millipore) and 
refrigerated at 40 C until analysis. 
The total elemental extracts were analyzed using ELAN 6100 Inductive 
Coupled Plasma Mass Spectrometer (ICPMS) (PerkinElmer, Inc., MA, USA) 
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equipped with a cross flow nebuliser and a Quartz torch.  The plasma gas, 
auxiliary gas and nebuliser gas flow rates were 16, 1 and 0.93 L/min, respectively.  
Filter extracts were introduced at a rate of 1 ml/min and waste was removed from 
the nebulizer through a Gilson Miniplus 2 peristaltic pump.  Field blanks, 
obtained by placing filters in the filter holder with no exhaust being drawn 
through them, and laboratory blanks, unexposed filters, were also extracted and 
analyzed along with filter samples and were subtracted from the concentrations 
obtained from samples.  Filters were handled with pair of stainless steel forceps.  
Spiked samples were tested intermediately after every 10 samples to confirm the 
validity of the system calibration as part of the quality control/quality assurance 
protocol.  SRM 1649a (urban particulate matter) was used to assess the accuracy 
of analysis.  The recovery ranged from 88 to109% for the elements studied in this 
work.     
 
5.2.4 Sample preparation for analyzing metals in diesel, biodiesel and 
lubricating oil 
One gram of diesel, biodiesel and lubricating oil was taken in separate 
Teflon vessels in duplicates and a mixture of 4 mL of 69.5% HNO3 (Fluka), 2 mL 
of 30% H2O2, and 0.5 mL of 48% HF (Sigma) was then added.  The samples were 
then digested using microwave to the same temperature settings as for extraction 
of elements from particulate filters.  The extracts were then filtered with 45µm 




5.3 Results and Discussion 
PM2.5 samples were collected in duplicates at four different loading 
conditions: Idle, 30%, 70% and 100% for all the fuels types.  However, for 
MOUDI and Nano MOUDI only two loading condition were used: Idle and 100% 
load.  The following particulate-bound elements were measured from the 
emissions: Potassium (K), Aluminium(Al), Magnesium (Mg),  Cobalt (Co), 
Chromium (Cr), Copper (Cu), Iron (Fe), Manganese (Mn), Cadmium (Cd), Nickel 
(Ni), Arsenic (As), Barium (Ba), Lead (Pb), Zinc (Zn), and Strontium (Sr). 
5.3.1 Particle mass distribution 
 
The particulate mass distributions (PMD) as a function of particle 
diameter under different operation modes (Idle and Full Load mode) are shown in 
Figures 5.1 & 5.2.  Both PM size distributions were characteristically bimodal. As 
shown in Figure 5.1, the particles with AED between 0.1 - 0.18 µm had the 
highest mass concentration (71.4% of total mass concentration) in the diesel 
exhaust for all types of fuels used.  Another peak was observed within the fine 
particles (Dp< 0.1µm), where there was a highest mass concentration (among fine 
particles) for particles ranging from 0.032 - 0.056µm.  The figure also shows that 
the mass concentration for all the particles sizes was reduced when the content of 
biodiesel in the fuel increased, except for particles with aerodynamic size below 




































Figure 5.1: Particles Size Distributions for Particles Emitted under Idle 
Mode 
The mass concentration of particles smaller than 0.032µm was found to be 
higher when the biodiesel content in the fuel increased.  Lapuerta et al.  (2008a) 
attributed this observation to the presence of higher molecular oxygen contents in 
biodiesel, which remained in the freshly formed soot favoring soot oxidation, or 
extending the soot oxidation period.  This might be a drawback of biodiesel 
because, as mentioned earlier, fine particles remain longer as suspended aerosols, 
have larger specific surfaces which enable more hazardous substances to be 
adsorbed are more hardly retained in filters and penetrate easier in the respiratory 
or even in the circulatory system. 
 
In Figure 5.2 (Full load mode), the PM size distribution is similar to that in 
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Figure 5.1, but the overall mass concentration is higher  with a shift in the peak 
from the size range of 0.1 - 0.18 µm to 0.18 - 0.32 µm.  Aerosol particles in this 
size range contributed 45.7% of the total particles emitted.  This is mainly due to 
the decreased air-fuel ratio at higher loads when larger quantities of fuel were 
injected into the combustion chamber, leaving much of the fuel  unburnt and 



































Figure 5.2: Particles mass distributions for particles emitted under full load 
mode 
5.3.2 Fuel elemental concentration 
The particulate-bound elements emitted in the exhaust were mainly from 
the fuel itself (Dwivedi et al., 2006).  Apart from the fuel, other possible sources 
include lubricating oil and engine wear.  Concentrations of metals were measured 
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in ULSD, B100, and lubricating oil used in this study and are shown in Table 5.1.  
From the table, it can be seen that the elemental concentrations were variable in 
both the fuels and lubricating oil.  Co, Cd, and Sr were found to be higher in 
lubricating oil compared to B100 and ULSD.  A major fraction of the lubricating 
oil was comprised of Fe (31.7%) whereas Al (27.5%), Mg (31.8 %), and Fe 
(21.9%) were predominant in ULSD and, Fe (24.0%), Mg (21.1%), Zn (15.4%), 
and Cr (13.2%) in B100.   
 
Elements such as Cr, Cu, Fe, Ba, Zn, Mg, Ni, and K were found in  higher 
concentrations in B100 compared to ULSD.  Similar findings were reported by 
Dwivedi et al.  (2006).  They found that concentrations of Zn, Fe, and Cr were 
higher in biodiesel compared to those in diesel.  The higher concentrations of 
elements, especially Cu, Fe, Zn, in B100 used in this study can be attributed to the 
raw material from which biodiesel was prepared.  Biodiesel used in this study was 
derived from WCO generated in restaurants and food courts.  The oil has been 
used for cooking and frying of various food products.  Elements such as Cu, Fe, 
Zn and Mn were found in vegetables, (Kawashima and Soares, 2003) Cu, Fe, and 
Zn in meat (Lombardi-Boccia et al., 2005) and Cu, Zn and Cd in fish (Atta et al., 
1997).  These elements might have been released into the oil during cooking and 
therefore, the concentrations of Fe, Zn, Cu, Mn in biodiesel were found to be 
significantly high.  In addition, these elements can also be leached out from the 




Table 5.1: Metal concentration in ULSD, Biodiesel and Lubricating oil 
samples 
     
Element Biodiesel  ULSD Lubricating oil 
 (ng/g)      
Co 1.69 ± 0.12 2.40 ± 0.23 46.56 ± 1.24 
Cr  281.37 ± 5.64 37.21 ± 1.43  14.71 ± 1.31 
Cu 20.09 ± 4.12 4.41 ± 1.05 4.97 ± 1.54 
Fe 511.59 ± 21.36 193.31 ± 7.35 191.83 ± 12.17 
Pb 1.16 ± 0.02 3.11 ± 0.34 2.80 ± 1.11 
Mn 1.17 ± 0.07 4.93 ± 1.02 4.17 ± 0.79 
Cd 0.04 ± 0.01 0.03 ± 0.02 0.34 ± 0.01 
Ni 22.13 ± 1.64 2.48 ± 0.42 5.89 ± 1.23 
Ba 145.32 ± 15.32 43.08 ± 5.31 14.72 ± 2.45 
Zn 326.19 ± 16.84 41.39 ± 6.23 5.63 ± 1.03 
Mg 448.21 ± 23.56 280.21 ± 19.45 59.69 ± 5.62 
Sr 2.07 ± 0.21 3.00 ± 0.15 14.10 ± 2.56 
K 87.89 ±6.48 12.25 ± 2.13 28.98 ± 2.96 
As 1.83 ± 0.12 3.14 ± 0.23 0.12 ± 0.01 







5.3.3 Particulate-bound metals  
  
Particulate-bound elemental concentrations and their size distributions 
were analyzed from the stationary diesel engine running on ULSD, B50 and 
B100, and are shown in Figures 5.3 to 5.10.  K (38.4 – 51.5%) and Mg (21.9-
38.0%) accounted for a major fraction of total elements in the exhaust for all the 
fuels followed by Al (3.7 – 28.6%), Fe (2.3 – 6.4 %), Cr (2.0 – 4.8%), Zn (1.5 – 
3.5%), and Cu (0.22 – 0.8 %).  Ba, Ni, Mn, Sr, As, Pb, Cd, and Co together 
accounted for 0.5 – 1.4 % of total elemental concentrations.   
 
 
It was observed that with an increase in load, concentrations of elements 
in the exhaust increased for all the fuels.  At higher loads, fuel consumption 
increased, leading to an increase in the amount of particles and particulate-bound 
elements in the exhaust.   
 
In this study, K, Mg, Fe, Cr, Zn, Cu, Ba, and Ni, were found higher in the 
B100 exhaust while Al, Mn, Sr, As, Pb, Cd, and Co were higher in the ULSD 
exhaust.  Similar findings were reported by Dwivedi et al., (2006).  They 
observed higher levels of Fe, Al, Zn and Mg in the biodiesel exhaust and higher 
levels of Pb, Ni, and Cd in the diesel exhaust.  Moreover, most elements in the 
exhaust emissions of ULSD and B100 correspond to their fuel elemental 
concentrations.  Elements that are found in higher levels in the fuel are also found 
in higher concentrations in the exhaust. 
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5.3.3.1 Carcinogenic metals 
 
Cr, Ni, Cd, As are classified as class I carcinogenic elements by IARC 
(IARC, 1980; IARC, 1990; IARC, 1993).  As shown in Figures.  5.3 (a)-(b), Cr 
and Ni were found to be in higher levels in B100 exhaust emissions.  It was 
observed that concentrations of Cr in the idle mode were nearly the same for all 
the fuels.  However, at higher loads (30, 70 and 100%), the concentration of Cr 
was higher in B100 (7.4 – 32.7 µg m-3) followed by B50 (7.2 – 21.3 µg m-3) and 
ULSD (6.74 – 18.3 µg m-3).  From the fuel elemental concentrations (Table 5.1) 
Cr was found to be higher in B100 (281.4 ng/g) compared to ULSD (37.2 ng/g) 
which explains the higher concentrations of Cr in B100 exhaust emissions 
compared to ULSD.  In the case of Ni, higher concentrations were observed in 
B100 for all loading conditions.  The concentrations ranged from 0.64 to 1.31 µg 
m
-3
 for B100, 0.58 – 1.27 µg m-3 for B50 and 0.46 – 1.20 µg m-3 for ULSD.  
There was no significant (P < 0.05) increase in Ni emissions for all the fuels when 
the load was increased from idle to 30%.  With further increase in load to 70% 
and 100%, Ni concentrations in the exhaust increased significantly for all the 
fuels.  Once again, the higher amount of Ni in the B100 exhaust can be mainly 
due to higher levels of Ni in biodiesel compared to ULSD.  However, Ni can also 
be released through the engine exhaust due to wear and tear of the engine (Wang 
et al., 1998).   
 
As and Cd, as shown in Figures 5.3 (c) - (d), were present in higher 
amounts in the diesel exhaust compared to biodiesel.  Average concentrations of 
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As ranged from 0.05 µg m-3 at idle mode to 0.14 µg m-3 at 100% load for B100, 
0.12 – 0.20 µg m-3 for B50, and 0.24 – 0.38 µg m-3 for ULSD.  Cd was present in 
lower levels compared to other carcinogenic elements in the engine exhaust for all 
fuels.  It ranged from 0.012 – 0.034 µg m-3 for B100, 0.015 – 0.042 µg m-3 for 
B50, and 0.021 – 0.06 µg m-3 for ULSD.  Though the average concentrations of 
Cd in B100 were higher than in B50 and ULSD, the difference however was not 
statistically significant (P < 0.05).  From the fuel elemental concentrations, As 
was present in slightly higher amounts in ULSD compared to B100, while Cd was 
present nearly the same in both the fuels.   
 
Figure 5.4 (a) – (d) shows size distribution of carcinogenic metals for 
ULSD, B50 and B100 at idle and 100% loads.  A significant fraction of Cr (40-
43%) was present in ultrafine particle size range (AED < 100 nm).  Nano-particles 
(AED < 50nm) alone contributed 31 to 37% of total Cr in PM2.5 for different fuels 
at different loading conditions.  In the case of Ni, the distribution was bimodal, 
the first peak was in the size range of range 18-32 nm and the second peak at 0.56 
- 1µm.  31 to 34% of total Ni was present in nano-particles similar to Cr.  
However, unlike Cr, where the remaining Cr was somewhat evenly distributed 
among particles in different size ranges, a significant fraction of Ni (~50%) was 
present in particles in the size range of 0.56 to 1.8 µm.  Cd and As on the other 
hand showed unimodal distributions.  Most of As was present in the size range of 
0.32 to 0.56 µm size range and most of the Cd was present in 0.18 to 0.32 µm.  A 
relatively small fraction of total As (15-21%) and Cd (16-24%) existed in nano-
particles.   
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5.3.3.2 Potassium (K) 
Figure 5.5 (a) shows the concentration of K emitted from ULSD, B100 
and B50 in µg m-3.  B100 showed higher concentration of K (185.8 – 513.6 µg/m-
3) compared to ULSD (59.4 – 186.8 µg m-3) and B50 (97.4 – 276.9 µg m-3).  From 
the analysis of fuel, it was found that the concentration of K in B100 was higher 
compared to ULSD which explains the higher concentration of K in biodiesel 
exhaust emissions.  Potassium hydroxide (KOH) is usually used as a catalyst 
during transesterification of WCO into biodiesel.  A residual amount of K 
probably remained in biodiesel after the processing and was subsequently emitted 
as particles.  The metal size distribution (Figure 5.6 (a)) of K was bimodal with 
the first peak being in the nano-size range and the other larger peak in the size 
range of 0.10-0.18 µm size range.  Approximately, 28% of total K was found in 
nano-particles. 
 
5.3.3.3 Magnesium (Mg) 
From the fuel analysis, Mg was present nearly 1.7 times higher in 
biodiesel (448.21 µg m-3) compared to that in ULSD (280.21 µg m-3).  The 
emission from the engine exhaust reflects the fuel concentration of Mg (Figure 
5.5 (b)) in both the fuels.  ULSD (33.9 – 113.4 µg m-3) had lower emissions of 
Mg in the exhaust compared to B50 (71.7 – 195.0 µg m-3) and B100 (137.8 – 
342.8 µg m-3).  The higher concentrations of Mg in B100 exhaust compared to 
ULSD observed in this study are similar to the trend reported by Dwivedi et al., 
(2006).  They observed concentration of Mg to be higher in biodiesel compared to 
diesel.  The size distribution of Mg is shown in Figure 5.6 (b).  As shown in the 
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figure, two distinct peak stands out at 0.14 µm and 0.44 µm.  A large fraction 
(~60%) of Mg was present in the size range 0.1 to 1 µm.  27% of total Mg was 
present in the nano-size range.   
 
5.3.3.4 Aluminium (Al) 
Although Al is a useful metal for humans, when inhaled in large amounts 
it can be harmful.  Figure 5.5 (c) shows the concentration of Al in the exhaust of 
B100 (13.  50 – 96.30 µg m-3), B50 (17.76 – 108.93 µg m-3) and ULSD (24.  05 – 
147.65 µg m-3).  With increase in load, the concentrations of Al increased for all 
the fuel.  Al present in the ULSD exhaust was higher than that in B50 and B100 
for all loads.  The concentration of Al in the biodiesel exhaust was not 
significantly different from that in B50 (p > 0.05).  When compared to ULSD, the 
concentration of Al in B100 exhaust was significantly lower at idle and full load.  
However, at 30% and 70% loads the difference was not statistically significant (p 
> 0.05).  The metal size distribution for Al is shown in Figure 5.6 (c).  Most of the 
Al (57 – 61%) was present in the size range of 0.1 to 1 µm similar to that of Mg 
for all the loads and 29-31 % of it was present in nano-particles. 
 
5.3.3.5 Iron (Fe) 
As noted from Table 5.1, Fe was present in higher amounts in biodiesel 
compared to ULSD and lubricating oil.  Moreover, Fe can also be emitted due to 







Figure 5.3: Concentration of carcinogenic metals (a) Chromium (b) Nickel (c) Cadmium and (d) Arsenic in the engine 







Figure 5.4: Size distribution of carcinogenic metals (a) Chromium (b) Nickel (c) Cadmium and (d) Arsenic in the engine 






The concentration of Fe (Figure 5.5(d)) released at the idle mode from 
ULSD, B100, B50 (8.9, 9.5, 9.5 µg m-3) is nearly equal.  However, with increase 
in the engine load to 30%, 70% and 100%, B100 (10.0 -28.1 µg m-3) had higher 
emissions of Fe compared to that from B50 (7.9 – 24.7 µg m-3) and ULSD (6.2 – 
23.8 µg m-3).  The decrease in the Fe concentration in the exhaust was not 
significant (p > 0.05) in B50 when compared to B100.  The decrease was 
significant for ULSD for all loads with exception of idle condition.  Fe was 
distributed across different particle size ranges (shown in Figure (5.6 (d)) in 
bimodal way.  A smaller peak in nano-particle size range of 25-40 nm and a large 
peak at 0.25 µm were observed.  Particles in the size range 0.01 to 1 µm consisted 
of 81-87% of total Fe of which a major fraction was present in 0.1 to 1 µm (60-
70%). 
5.3.3.6 Zinc (Zn)  
B100 (5.6 – 28.5 µg m-3) emitted higher levels of Zn (Figure 5.7(a)) 
compared to those from B50 (5.0 – 24.6 µg m-3) and ULSD (4.1 – 21.9 µg m-3).  
It can be noted from Table 5.1 that biodiesel had higher levels of Zn in the fuel 
compared to diesel.  Therefore with increase in biodiesel in the fuel, Zn emissions 
increased.  Once again at the idle mode, there was no significant difference in the 
Zn emissions between all three fuels (p > 0.05).  For all other loads, the 
concentrations were significantly different (p < 0.05).  The particle size 
distribution of Zn had a single peak at 0.25 µm.  Nanoparticles accounted for 20% 
of the total concentration of Zn, relatively lower when compared to other metals.  




Figure 5.5 Concentration of (a) Potassium (b) Magnesium (c) Aluminium and (d) Iron in the engine exhaust of ULSD, B50, and 








Figure 5.6 Size distributions of (a) Potassium (b) Magnesium (c) Aluminium and (d) Iron in the engine exhaust of ULSD, B50, 






5.3.3.7 Copper (Cu) 
Cu was found in higher levels in B100 (1.3 – 3.4 µg m-3) emissions for all 
loads compared to that from B50 (1.3 – 2.9 µg m-3) and ULSD (1.1 – 2.8 µg m-3) 
(Figure 5.7(b)).  However, the differences in Cu emissions from all the fuels were 
not statistically significant (p > 0.05) at the idle mode.  Moreover, there was no 
significant increase in Cu emissions with increase in load up to 70%.  At the full 
load, the concentrations of Cu emitted were significantly higher compared to 
those at other loads.  The size distributions of Cu had a major peak in the size 
range of 0.25 to 0.44 µm.  Aerosol particles in the size range of 0.1 to 1 µm 
together comprised 41-43% of total Cu, and nanoparticle comprised 
approximately 26% of total Cu concentration found in PM2.5  samples. 
5.3.3.8 Barium (Ba)  
Ba comprised 0.5-0.8 % of total elements emitted from B100, 0.4-0.5% in 
B50, 0.2 -0.4% for ULSD.  From Fig. 5.7(c), it can be noted that Ba was present 
with the highest concentration in B100 (0.97 – 3.51 µg m-3), followed by B50 
(0.77 – 3.23 µg m-3) and ULSD (0.69 – 2.72 µg m-3).  From the fuel concentration 
(Table 5.1), it can be noted that Ba was present in higher amounts in biodiesel 
compared to that in ULSD.  Therefore, the emissions of Ba were higher in the 
biodiesel exhaust.  The particle-size distribution of Ba showed higher 
concentrations for particles in the size range of 10 to 18 nm unlike any other 
element investigated in this study.  There is another major peak at 0.44 µm.  
Particles in the size range of 0.1 to 1 µm comprised only 33-37% of total Ba.  A 
major fraction of Ba was present in below 0.1 µm.  Nanoparticles alone 
 107 
comprised as high as 45% of the total Ba in PM2.5 samples.  .   
5.3.3.9 Manganese (Mn), Strontium (Sr), Lead (Pb), and Cobalt (Co) 
Figures 5.9 (a) to (d) present concentrations of particulate-bound Mn, Sr, Pb, and 
Co measured in the exhaust of ULSD, B100 and B50.  ULSD had higher 
concentrations for all these elements compared to those from B50 and B100.  The 
increase in Pb concentration in the exhaust for ULSD compared to B50 was not 
significant (p < 0.05) at idle and 30% load.  Sr in biodiesel was slightly lower 
than that in ULSD (Table 5.1) and is reflected in the emissions.  Figure 5.10 (a) – 
(d) shows distributions of Sr, Mn, Pb and Co.  All of them had multiple peaks.  
Except Pb all other metals had significant amounts distributed in the nano size 
range.  Co (37-41%) and Mn (37-43%)   showed a very high fraction of total 
concentrations in nanoparticles. Sr and Pb had only 32-33% and 16- 21% of total 
elemental concentrations in the nanoparticle size range.   
 
5.4 Conclusions 
Particulate mass distributions were affected when ULSD was replaced by 
B50 and B100 and when the load on the engine increased.  For B50 and B100, the 
mass concentration of aerosol particles with diameter larger than 0.032 µm 
decreased while, the particle mass concentration increased for all aerosol particles 
below 0.032 µm.  This shift in the particle mass from larger diameter to smaller 
particles was probably due to the higher oxygen content in biodiesel and injection 


















Figure 5.9: Concentration of (a) manganese (b) Strontium (c) Lead and (d) Cobalt in the engine exhaust of ULSD, B50, B100 at 








Figure 5.10: Size distributions of (a) manganese (b) Strontium (c) Lead and (d) Cobalt in the engine exhaust of ULSD, B50, 






The presence of oxygen and the increase in the combustion time 
presumably enhanced further oxidation of soot.  When the load on the engine 
increased, a similar distribution trend as idle load was observed, but the peak of 
the highest mass concentration shifted from particles with aerodynamic diameter 
ranging from 0.1 - 0.18 µm to particles between 0.18 - 0.32 µm.  This shift can be 
attributed to the decreased air-fuel ratio as more fuels are to be combusted during 
full load operation.   
 
Particulate-bound elements were characterized from the emissions of a 
stationary diesel generator fuelled with ULSD, B100 and B50.  Particulate 
emissions were reduced with the usage of biodiesel.  However, most of the 
elements which are known to be toxic such as Zn, Cr, Ni were higher in the 
biodiesel exhaust compared to those emitted from ULSD.  On the other hand 
elements such as As, Co, Al, Mn were found to be in higher levels in ULSD.  
Most of the metals showed a significant fraction of total particulate-bound metals 
existing in nanoparticle size range.  Among carcinogenic metals, Cr and Ni were 
mainly present in the UFP size range while Cd and As were present in 0.1 to 1 µm 
size range.  Of the remaining elements Al, Fe, Zn, and to some extent Cu and Ba 






Chapter 6: Risk assessment of ultra low sulfur diesel and 
biodiesel from waste cooking oil due to particulate-bound 
elements 
 
In this chapter, human health risk associated with particulate-bound 
elements for adults and children were estimated using the elemental size 
distribution data reported in Chapter 5.  Section 6.1 provides a brief introduction 
to exposure and health risk studies and the parameters involved.  Section 6.2 
provides the outline, parameters and calculations involved in estimating health 
risk due to particulate-bound metals.  The results on health risk estimated for 





PM emitted from diesel engines can cause short-term acute exposure and 
long-term chronic exposures such as repeated occupational exposures.  Several 
epidemiological studies were conducted to understand the relationship between 
exposure to diesel emissions and the health incidences such as cancer and other 
respiratory diseases (Garshick et al., 1988; Northridge et al., 1999; Bremner et al., 
1999; Hoppin et al., 2004).  Few studies have examined the effects of exposure to 
diesel-fumes on the respiratory health of children (Northridge et al., 1999; 
Brunekreef et al., 1997; Timonen and Pekkanen, 1997; van Vliet et al., 1997; 
Weir, 2002).  van Vliet et al.  (1997) in their study on exposure of diesel emissions 
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to school children found increased respiratory symptoms among children.  In 
another study, Brunekreef et al. (1997) found an association between lung 
function deterioration of school children and their exposure to diesel emissions.  
They also found that this association is much more significant with female 
students compared to male students.   
 
Fine particles and UFPs are of great concern in relation to health impacts.  
They comprise various organic compounds, inorganic compounds, metals and 
trace elements.  As discussed in Section 2.7, these particles (diameter ≤ 2.5 µm) 
are respirable and can penetrate deep into the lungs causing adverse health related 
problems (Nemmar et al., 2002; Donaldson et al 2001).  It has been estimated that 
as many as 60,000 people die in the United States due to exposure to fine particles 
(Wilson et al., 1999).  The nature and severity of health impacts depend on several 
factors which include the concentration of PM of different sizes and time and 
duration of exposure to PM.  Moreover, the health effects of PM on exposed 
individuals differ from one individual to another depending on their immunity and 
tolerance levels.  USEPA has conducted extensive studies in estimating health risk 
due to exposure to PM from diesel engines (USEPA, 2002a) for various age 
groups of people.  However, the risk associated with biodiesel exhaust has still not 
been quantified.  A vast knowledge gap exists in health risk associated with PM 
from diesel engines running on biodiesel. 
 
In this study, we estimated the health risk associated with particulate-
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bound elements in fine and UFPs emitted from WCOB in comparison to that from 
ULSD.  The risk analysis was performed for both adults and children. 
 
6.2 Human health risk assessment calculation  
 
 Human health risk assessment was conducted based on the mean 
concentrations of particulate-bound elements determined through the 
experimental study.  Health risk assessment is especially useful in understanding 
the health hazard associated with inhalation exposure to PM emitted from B100 
compared to that of ULSD.  The details and steps involved in health risk 
assessment are described in detail elsewhere (See and Balasubramanian, 2006).  
Briefly, it involves four important steps (NRC, 1983) as described below. 
 
(1) Hazard identification – elements which have known toxicity values are 
considered.  Al, Cr, and Mn induce non-carcinogenic effects while As, Cd, Cr, Ni 
and Co induce carcinogenic health effects.   
 
(2) Exposure assessment –This involves estimation of chronic daily intake (CDI) 
of these elements calculated from the following equations. 
-3 3 -1
-1 -1 Total dose (TD, mg  m )  inhalation rate (IR, m  day ) CDI (mg kg  day ) = 
Body weight (BW, kg)
×
                  
                                                                                                                           (6.1)    
 
TD = C  E×





is concentration of pollutant and E is deposition fraction of particles by 
size given by (Volckens and Leith, 2003),  
2
p pE = -0.081 + 0.23ln (D )  + 0.23 sqrt (D )
     (6.3)  
where Dp  is the diameter of particles.  In this study, PM2.5 (Aerodynamic diameter 
≤ 2.5 µm) was used i.e.  Dp is 2.5 µm.   
 
Two groups of people (adults and children) were considered for risk 
assessment.  IR is typically assumed to be 20 m3 day-1 and BW to be 70 kg for 
adults.  As for children, the IR and BW are assumed to be 10 m3 day-1 and 15 kg, 
respectively. 
 
 (3) Dose-response assessment- It is the probability of health effects according to 
the dose of pollutant of concern.  Assuming only inhalation as the major exposure 
route, the reference dose (RfD, mg kg-1, day-1) for toxic elements that are non-
carcinogenic was calculated from reference concentrations (RfC, mg/m3) 
provided by USEPA.  Likewise, for carcinogenic elements the inhalation slope 
factor (SF, mg-1 kg day) was calculated from inhalation unit risk values (IUR, mg-
1
 m
3) provided by USEPA.   
 
(4) Risk characterization or estimation of health risk - was calculated based on the 
exposure and dose–response assessments.  For non-carcinogenic metals, it is 
indicated by (United States Department of Energy, 1999):  
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Hazard Quotient (HQ) = CDI/RfD.        (6.4) 
 
For carcinogenic metals, total carcinogenic risk is estimated in terms of 
excess life time cancer risk (ELCR) given by: (United States Department of 
Energy, 1999). 
 
ELCR = CDI x SF         (6.5) 
 
6.3 Results and discussion 
 
The human health risk assessment as described in the Section 6.2 was 
carried out to quantify the risk associated with the particulate-bound metals 
emitted from ULSD and B100 at full load from a stationary engine.  The pertinent 
information of the TD and RfD, HQ, inhalation SF and ELCR for adults are 
shown in Tables 6.1-6.2 and for children in Tables 6.3-6.4.  The concentrations of 
metals measured in this study represent those emitted from the raw engine 
exhaust.  However, in reality the engine exhaust is diluted by ambient air once it 
is released to the atmosphere.  The dilution factor is typically 1000 times when 
exhaust is released to the ambient atmosphere on road conditions (Zielinska, 
2005).  Stationary engines such as the stationary diesel generator employed in this 
study are mainly used in construction sites, factories and commercial enterprises 
as back-up power generators.  These engines are prevalent in developing countries 
where there is a frequent power shut-down and are used in places in remote areas 
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where power supply is not easily available and in urban areas whenever power 
supply is intermittently disrupted (Gruver, 2007).  These generators are normally 
located in backyards, basements and enclosed spaces.  As a result, the dilution rate 
of the engine exhaust is much smaller than that on ambient road conditions.  
However, due to lack of sufficient information on typical dilution factors for 
engine exhaust in contained environements a dilution factor of 1000 was assumed 
in this study and the mean concentrations of elements were divided by 1000 to be 
used in health risk calculations.   
 
 In Table 6.1-6.2, the levels of non-carcinogenic risk (total HQ) were 
estimated to be 0.11 for ULSD and 0.18 for B100 while the carcinogenic risk 
(total ELCR) turned out to be 15.7 x 10-6 for ULSD and 29.9 x 10-6 for B100 for 
adults.  In the case of children (Table 6.3-6.4), non-carcinogenic and carcinogenic 
risks for both the fuels were higher than those in adults.  Total HQ was estimated 
to be 0.26 for ULSD and 0.42 for B100, while the total ELCR was 36.7 x 10-6 for 
ULSD and 69.9 x 10-6 for B100.  The estimated non-carcinogenic risks (total HQ) 
of both fuels were lower than the acceptable level of 1, suggesting that there was 
no appreciable risk of adverse health effects over a lifetime.  On the other hand, in 
the case of total ELCR, the estimated risk for both fuels was much higher than the 
acceptable level of 1 x 10-6, the level of risk considered generally acceptable or 
inconsequential (See and Balasubramanian, 2006).  The health risk assessment 
implies that out of 1 million of adults or children, approximately 36 children and 
15 adults can develop cancer after exposure to the toxic trace metals in PM2.5 
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emitted from the combustion of ULSD.  In the case of biodiesel, the risks were 
almost doubled, approximately 69 children and 29 adults out of a million can get 
cancer after exposure to PM emitted by WCOB. 
 
Tables 6.5 to 6.8 show the results of human health risk assessment for 
adults and children due to inhalation of UFPs (Dp < 100nm).  This assessment 
was done to investigate the potential health impact of UFPs emitted from the 
combustion of ULSD and WCOB.  UFPs have been known to pose greater health 
risk compared to fine and coarse particles.  As shown in Table 6.5-6.6 (adults), the 
total HQ was estimated to be 0.09 (81.8% of the total) for ULSD and 0.14 
(77.8%) for B100 while the total ELCR turned out to be 12.0 x 10-6 (76.4%) for 
ULSD and 23.8 x 10-6 (79.6%) for B100.  On the other hand, the total HQ for 
children (Table 6.7-6.8) was estimated to 0.2 (76.9%) for ULSD and 0.33 (78.6%) 
for B100, whereas the total ELCR was 28.1 x 10-6 (76.6%) for ULSD and 55.6 x 
10-6 (79.5%) for B100.  Based on the health risk assessment for UFPs emitted 
from ULSD and B100 combustion, it appears that UFPs indeed make a major 
contribution (>70%) to human health risk.   
 
Based on the risk assessment results made in this study, the exposure to 
PM emitted from biodiesel appears to pose higher health risk when compared to 
PM released from ULSD.  Nonetheless, it is to be noted that the carcinogenic risk 
due to particulate-bound metals was only used to evaluate the total carcinogenic 
risk.  A more comprehensive and extensive research has to be done to evaluate the 
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complete risk of the diesel exhaust by taking into consideration many other 
carcinogenic compounds including PAHs and nitro-PAHs.  Some studies have 
shown that emissions of PAHs emissions from biodiesel are very much lower as 
compared to those from diesel (Xue et al., 2011, Lin et al., 2011a).  Therefore the 





The health risk assessment on exposure to the PM emissions from diesel 
engine reveals that the non-carcinogenic risk due to metals such as Al, Cr, and Mn 
was below acceptable limits for ULSD and B100.  However, the carcinogenic risk 
due to exposure to metals such as As, Cd, Cr, and Ni was higher than acceptable 
limits for both fuels.  Moreover, the human health risk associated with the 
exposure to PM emitted from biodiesel was higher than that from ULSD.  UFPs 
(Dp < 100 nm) emitted from biodiesel and ULSD combustion resulted in higher 
human health risk compared to coarse and fine particles.  Overall, UFPs 
contribute to more than 70% of the total human health risk that was caused by PM 




Table 6.1 Estimation of human health risk (Adult) with exposure to fine particles emitted from biodiesel exhausts 
Adults      
Metals CDI(mg kg-1 day-1) RfD(mg kg-1 day-1) HQ SF(mg kg-1 day) ELCR 
Non carcinogenic metals      
Al 1.27 x 10-05 1.43 x 10-03 8.86 x 10-03   
Cr 4.69 x 10-06 2.86 x 10-05 1.64 x 10-01   
Mn 7.02 x 10-08 1.43 x 10-05 4.91 x 10-03   
Carcinogenic metals      
As 1.44 x 10-08   15.1 2.17 x 10-07 
Cd 2.72 x 10-09   4.2 1.14 x 10-08 
Cr 4.69 x 10-06   6.3 2.95 x 10-05 
Ni 2.41 x 10-07   0.84 2.03 x 10-07 






Table 6.2: Estimation of Human Health Risk (Adult) with exposure to fine Particles emitted from ULSD exhausts 
Adults      
Metals CDI(mg kg-1 day-1) RfD(mg kg-1 day-1) HQ SF(mg kg-1 day) ELCR 
Non carcinogenic metals      
Al 1.97 x 10-05 1.43 x 10-03 1.37 x 10-02   
Cr 2.34 x 10-06 2.86 x 10-05 8.20 x 10-02   
Mn 2.22 x 10-07 1.43 x 10-05 1.55 x 10-02   
Carcinogenic metals      
As 5.24 x 10-08   15.1 7.91 x 10-07 
Cd 5.24 x 10-09   4.2 2.20 x 10-08 
Cr 2.34 x 10-06   6.3 1.48 x 10-05 
Ni 1.67 x 10-07   0.84 1.41 x 10-07 








Table 6.3: Estimation of Human Health Risk (Children) with exposure to fine particles emitted from Biodiesel exhaust 
 
 
Children      
Metals CDI(mg kg-1 day-1) RfD(mg kg-1 day-1) HQ SF(mg kg-1 day) ELCR 
Non carcinogenic metals      
Al 2.96 x 10-05 1.43 x 10-03 2.07 x 10-02   
Cr 1.09 x 10-05 2.86 x 10-05 3.83 x 10-01   
Mn 1.64 x 10-07 1.43 x 10-05 1.15 x 10-02   
Carcinogenic metals      
As 3.35 x 10-08   15.1 5.06 x 10-07 
Cd 6.34 x 10-09   4.2 2.66 x 10-08 
Cr 1.09 x 10-05   6.3 6.89 x 10-05 
Ni 5.63 x 10-07   0.84 4.73 x 10-07 





Table 6.4: Estimation of human health risk (Children) with exposure to fine particles emitted from ULSD exhausts 
Children      
Metals CDI(mg kg-1 day-1) RfD(mg kg-1 day-1) HQ SF(mg kg-1 day) ELCR 
Non carcinogenic metals      
Al 4.59 x 10-05 1.43 x 10-03 3.21 x 10-02   
Cr 5.47 x 10-06 2.86 x 10-05 1.91 x 10-01   
Mn 5.18 x 10-07 1.43 x 10-05 3.62 x 10-02   
Carcinogenic metals      
As 1.22 x 10-07   15.1 1.85 x 10-06 
Cd 1.22 x 10-08   4.2 5.14 x 10-08 
Cr 5.47 x 10-06   6.3 3.44 x 10-05 
Ni 3.91 x 10-07   0.84 3.28 x 10-07 






Table 6.5: Estimation of human health risk (Adult) with exposure to UFPs emitted from biodiesel exhaust  
Adults      
Metals CDI(mg kg-1 day-1) RfD(mg kg-1 day-1) HQ SF(mg kg-1 day) ELCR 
Non carcinogenic metals      
Al 9.98 x 10-06 1.43 x 10-03 6.98 x 10-03   
Cr 3.74 x 10-06 2.86 x 10-05 1.31 x 10-01   
Mn 5.64 x 10-08 1.43 x 10-05 3.95 x 10-03   
Carcinogenic metals      
As 8.22 x 10-09   15.1 1.24 x 10-07 
Cd 1.84 x 10-09   4.2 7.71 x 10-09 
Cr 3.74 x 10-06   6.3 2.35 x 10-05 
Ni 1.70 x 10-07   0.84 1.43 x 10-07 





Table 6.6: Estimation of human health risk (Adult) with exposure to UFPs emitted from ULSD Exhaust  
Adults      
Metals CDI(mg kg-1 day-1) RfD(mg kg-1 day-1) HQ SF(mg kg-1 day) ELCR 
Non carcinogenic metals      
Al 1.55 x 10-05 1.43 x 10-03 1.08 x 10-02   
Cr 1.81 x 10-06 2.86 x 10-05 6.35 x 10-02   
Mn 1.87 x 10-07 1.43 x 10-05 1.31 x 10-02   
Carcinogenic metals      
As 3.40 x 10-08   15.1 5.14 x 10-07 
Cd 3.51 x 10-09   4.2 1.47 x 10-08 
Cr 1.81 x 10-06   6.3 1.14 x 10-05 
Ni 1.16 x 10-07   0.84 9.77 x 10-08 






Table 6.7: Estimation of human health risk (Children) with exposure to UFPs emitted from biodiesel Exhaust  
Children      
Metals CDI(mg kg-1 day-1) RfD(mg kg-1 day-1) HQ SF(mg kg-1 day) ELCR 
Non carcinogenic metals      
Al 2.33 x 10-05 1.43 x 10-03 1.63 x 10-02   
Cr 8.72 x 10-06 2.86 x 10-05 3.05 x 10-01   
Mn 1.32 x 10-07 1.43 x 10-05 9.21 x 10-03   
Carcinogenic metals      
As 1.92 x 10-08   15.1 2.90 x 10-07 
Cd 4.28 x 10-09   4.2 1.80 x 10-08 
Cr 8.72 x 10-06   6.3 5.49 x 10-05 
Ni 3.97 x 10-07   0.84 3.34 x 10-07 






Table 6.8: Estimation of human health risk (Children) with exposure to UFPs emitted from ULSD exhaust  
Children      
Metals CDI(mg kg-1 day-1) RfD(mg kg-1 day-1) HQ SF(mg kg-1 day) ELCR 
Non carcinogenic metals      
Al 3.61 x 10-05 1.43 x 10-03 2.53 x 10-02   
Cr 4.23 x 10-06 2.86 x 10-05 1.48 x 10-01   
Mn 4.37 x 10-07 1.43 x 10-05 3.06 x 10-02   
Carcinogenic metals      
As 7.94 x 10-07   15.1 1.20 x 10-06 
Cd 8.19 x 10-08   4.2 3.44 x 10-08 
Cr 4.23 x 10-06   6.3 2.66 x 10-05 
Ni 2.72 x 10-07   0.84 2.28 x 10-07 






Chapter 7: Comparative in vitro cytotoxicity and 
genotoxicity assessment of airborne particulate matter 
emitted from stationary engine fuelled with diesel and 
waste cooking oil-derived biodiesel 
7.1 Introduction 
DEP comprise various toxic and carcinogenic chemical compounds such 
as polycylic aromatic hydrocarbons (PAHs) and toxic metals, which are 
associated with acute and chronic health effects.  Exposure studies in humans and 
animals have shown that DEP causes systemic inflammation and injuries to the 
cardiopulmonary system (Nemmar et al., 2007; Peretz et al., 2008; Rivero et al., 
2005).  The mechanisms by which DEP affects human health are not yet 
understood completely.  Several mechanisms  have been proposed to explain the 
adverse health effects of particulate pollutants, which include inflammation, 
endotoxin effects, stimulation of capsaicin/irritant receptors, autonomic nervous 
system activity, procoagulant effects, covalent modification of cellular 
components, and reactive oxygen species (ROS) production (Nel et al., 2006).  
However, recent evidences have strongly indicated that induction of cellular 
oxidative stress due to ROS generation within cells plays a central role in causing 
adverse health effects (Castranova et al., 2001; Garshick et al., 2004; Ohtoshi et 
al., 1998; Patel et al., 2011).  Particulate-bound chemicals such as transition 
metals are capable of generating ROS within cells through Fenton and Haber 
Weiss reactions (Li et al., 2003) and other compounds such as PAHs undergo 
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biotransformation to quinones that produce ROS within cells (Penning et al., 
1999).   
 Owing to the health and environmental impacts of DEP, considerable 
research in alternative fuels, especially on plant-originated biodiesel, is currently 
underway.  The effects of biodiesel on the physico-chemical properties of PM 
emitted from diesel engines have been evaluated in several studies (Dwivedi et 
al., 2006; Cheung et al., 2011).  It has been reported that the usage of biodiesel 
reduces particulate emissions, black carbon, PAHs, some transition metals and 
other organic compounds (Brito et al., 2010; Cheung et al., 2011; Jalava et al., 
2010; Karavalakis et al., 2010).   However, the possible adverse health effects on 
humans caused by the BEP have not been investigated thoroughly and the 
differences in toxicological properties of BEP compared with those from DEP 
should be assessed in more detail (Swanson et al., 2007). 
 
Relatively few studies were conducted in recent times to evaluate the 
health effects of BEP (Bagley et al., 1998; Brito et al., 2010; Bunger et al., 2000; 
Kooter et al., 2011; Jalava et al., 2010;) .  Contradicting results appeared in the 
literature reporting both an increase (Brito et al., 2010; Kooter et al., 2011) and a 
decrease (Jalava et al., 2010) in health effects with the use of biodiesel derived 
from different feedstocks.   For example, Brito et al. (2010) reported that BEP 
derived from soybean ethyl esters was more toxic compared to DEP.  Jalava et al. 
(2010), on the other hand, observed higher inflammatory responses from diesel 
fuel compared to biodiesel derived from rapeseed oil, although no substantial 
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differences in cytotoxic responses were observed for both the fuels.  Health 
impacts of BEP assessed so far indicate that they largely depend on the feedstock 
used to make the biodiesel fuel.  While most of the research on health impacts of 
biodiesel was conducted on biodiesel derived from vegetable oil, relatively less 
attention was paid to biodiesel derived from waste cooking oils (WCOB).  
Biodiesel derived from neat vegetable oils is chemically different from WCOB as 
the latter undergoes thermal treatment due to frying and cooking (Kulkarni and 
Dalai, 2006).  In addition, various chemical compounds such as transition metals 
can be leached into the cooking oil during frying and cooking (Kulkarni and 
Dalai, 2006).  Therefore, the chemical composition of BEP emitted from the 
WCOB is expected to be different from that of other biodiesel emissions and can 
induce different toxic responses and health effects.   
 
In this study, particulate emissions generated from a stationary engine 
fuelled with ULSD and WCO-derived biodiesel were evaluated for their 
cytotoxicity, genotoxicity, and induction of oxidative stress in human lung 
carcinoma cell line (A549).   Particulate emissions from both ULSD and WCO-
derived biodiesel were collected under different engine loads and idle conditions 
to further understand and compare the toxicity under different operating 
conditions.  Additionally a 50% blend of B100 and ULSD (B50) was also 
considered.  The particulate emissions were also analyzed for particulate-bound 
transition metals, and possible correlations between the chemical composition and 
cytotoxic responses of DEP and BEP were investigated.  For genotoxicity studies, 
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Detail of test engine, fuel properties and particulate sampling were provided in 
Chapter 2. 
 
7.2.1 Cell culture and treatment.   
 A human epithelial respiratory cell line (A549, Cat.  No.  CCL-185™) 
was purchased from American Type Culture Collection; ATCC (USA) was used 
for cytotoxicity and genotoxicity studies.   
 
A549 cells were routinely maintained in F-12 K (Cat.  No.  1320-033, 
Invitrogen Corporation, USA) containing 0.1% penicillin streptomycin solution 
(Gibco, Invitrogen, Grand Island, NY) and 10% fetal bovine serum (FBS) (Cat.  
No.  SH30071.03, Lot.  No.  AQC23532, Hy- Clone, USA) at 37 °C and 5% CO2.  
A detailed description of exposure and various steps involved was provided in 
chapter 2.  Experiments were carried out in triplicates, and were repeated twice 
for all the assays in this study.   
7.2.2 Cell viability, Cytotoxicity and Caspase - 3/7 activation assay.   
Cell viability, cytotoxicity and caspase 3/7 activation were measured using 
Apotox-Glo triplex assay kit (Promega, Madison, WI) as per the protocol 
presented in Chapter 2.  Both luminescence and fluorescence was measured using 
Tecan micro plate reader (Model: GENios, TECAN, USA).  All the three 
measurements were done on each treated as well as control wells simultaneously.   
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7.2.3 Oxidative Stress.   
  Oxidative stress was measured by evaluating the amount of reduced 
glutathione (GSH) in the metabolically active cells.  For the present study, GSH-
Glo glutathione assay kit (Promega, Madison, WI) was employed according to the 
detailed protocol is presented in Chapter 2. 
7.2.4 Genotoxicity 
For assessing the genotoxic effects of PM2.5 from ULSD and WCOB, alkaline 
single-cell gel electrophoresis (comet assay) and cytokinesis-based micronucleus 
assays were conducted.  For these assays exposure was done for PM2.5 collected at 
idle and full load for ULSD and B100.  Intermediate loads were not studied.  The 
details of both the assays and exposure are discussed in Chapter 2.   
7.2.5 Statistical Analysis.   
 One way analysis of variance (ANOVA) with Newman-Keuls multiple 
posthoc comparison was used to test for differences between three different fuels 
for each loading condition.  Data shown in the Figures 7.1 - 7.6 are represented as 
mean and standard deviations (SD) with the level of significance indicated by the 
number of asterisks and number signs, that is *, # P < 0.05, ** , ## P < 0.01 and 
***,### P < 0.001.  A two way ANOVA was also performed to determine the 
effects of fuel, load and their interactions, if any, on toxicological parameters.  
Correlations were made using Pearson’s correlation coefficient test between the 
chemical constituents of PM2.5 and toxicological parameters.  This was done to 
evaluate if specific constituents in PM2.5 can be attributed to certain health 
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implications observed.  P < 0.05 was considered significant for all the 
correlations.   
 
7.3 Results 
7.3.1 Cytotoxicity.   
Cytotoxicity profiles of PM2.5 emissions from different fuels were 
measured in terms of cell viability and cell death, and are shown in Figures 7.1 (a) 
and (b).  Cell viability was calculated as % of metabolically active cells, while 
cell death is reported as % of cell death relative to the control.  There was no 
significant difference in cell viability and cytotoxicity between blank filters and 
control wells.  However, the treated wells showed significant difference in both 
cell viability and death compared to controls and blank filter wells.   
 
 From Figure 7.1 (a), it could be seen that higher cell viability was 
observed for ULSD compared to B50 and B100.  However, the difference in 
viability was not significant (P > 0.05) for all three fuels at idle and 30% loading 
conditions.  Both B50 and B100 showed a significant difference compared to 
ULSD at higher loads but no significant difference (P > 0.05) between B50 and 
B100 was observed at all loads.  In addition, cell viability decreased with an 
increase in load for all the fuels.  Similar trends were observed in cell death 







Figure 7.1: (a) % metabolically active cells after exposure to PM samples (b) 
Cytotoxicity or relative cell death upon exposure to PM samples.  *P < 
0.05, ** P<0.01, *** P < 0.001, versus ULSD (one way ANOVA with 
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Newman-Keuls multiple posthoc test) 
 
No significant differences were observed between the three fuels at idle 
and 30% loading conditions.  At 70% and 100% loads, the differences between 
ULSD and B50, ULSD and B100 were significant but there was no significant 
difference between B50 and B100.  Two factor ANOVA was conducted to 
evaluate the effects of fuel and load on cell viability and death.  It was found that 
both the fuel and load affected cell viability significantly (P < 0.0001) and 
accounted for 11 and 64 % of total variance in the viability results. 
 
7.3.2 Oxidative stress.   
Oxidative stress, measured in terms of GSH concentrations present in 
metabolically active cells, on exposure to the PM2.5 samples for all the fuel 
samples is shown in Figure 7.2.  GSH levels found in treated cells were 
significantly (P < 0.0001) lower compared to blank and control cells.  At the idle 
load, the GSH concentration in cells treated with ULSD, B50 and B100 showed 
little variation in their values and were not different significantly (P > 0.05).  At 
higher loads, the GSH concentrations in B50 and B100 treated cells were 
significantly lower compared to ULSD.  However, the difference in GSH 




Figure 7.2: Concentration of GSH present in treated, and control wells.  *P < 
0.05, ** P < 0.01, *** P < 0.001, versus ULSD (one way ANOVA with 
Newman-Keuls multiple posthoc test).  # P < 0.05 versus B50 (one way 
ANOVA with Newman-Keuls multiple posthoc test). 
 
7.3.3 Caspase 3/7 levels in cells. 
   Caspase 3/7 levels were measured for treated and untreated cells as 
described earlier, and are shown in Figure 7.3.  The Caspase activity decreased in 
the range of 40-52% for ULSD, 56 – 68% for B50 and 61 – 80% for B100 when 
compared to control cells.  Two factor ANOVA revealed a significant effect of 
fuel (P < 0.0001) and engine load (P < 0.0001) contributing 56 and 18% of total 
variance in results, respectively.  From Figure 7.3, it can be observed that the 
caspase activity was significantly lower for B100 and B50 compared to ULSD.  
No significant difference (P > 0.05) in the caspase activity between B50 and B100 
was observed for idle and 30% load.  However, it was significantly different at 




Figure 7.3: Caspase 3/7 activity in treated and control wells.  *P < 0.05, ** 
P<0.01, *** P < 0.001, versus ULSD (one way ANOVA with Newman-Keuls 
multiple posthoc test).  # P < 0.05, ## P < 0.01 versus B50 (one way ANOVA 
with Newman-Keuls multiple posthoc test). 
 
7.4 Genotoxicity  
DNA damage of A549 cell line upon exposure to ULSD and WCOB was 
investigated using comet assay and cytokinesis-blocked micronuclei.  For the 
genotoxicity studies, cells exposed to only ULSD and B100 fuels at idle and 





7.4.1 Comet assay 
 
Figure 7.4 (a) and (b) shows the % DNA damage and tail moment upon 
exposure to ULSD and WCOB at idle and full load.  A representative picture of 
the damage occurred to A549 cell upon exposure to PM2.5 collected from engine 
exhaust is shown in Figure 7.5.  Extensive damage to DNA was observed after 
exposure of the cells to PM2.5 samples collected from ULSD and B100 samples.  
The damage and tail moment in control cells, and cells exposed to blank filters are 
also shown.  There was no significant difference (P > 0.05) between control and 
blank for both % DNA damage and tail moment.  It was also observed that there 
is no significant difference (P > 0.05) in the DNA damage caused by PM2.5 
emissions from ULSD (31 ± 7 %) and WCOB (32 ± 8%) at idle mode.  However, 
at the full load B100 (65 ± 4%) showed significantly higher DNA damage 
compared to that in ULSD (55 ± 3%).  Similar results were observed with tail 
moment.  There was no significant difference (P > 0.05) in the tail moment 
between ULSD (36 ± 9 µm) and WCOB (31 ± 10 µm) at the Idle load but a 
significant difference (P < 0.05) with larger tail moment for B100 (86 ± 7 µm) 












Figure 7.4: (a) % DNA damage and (b) Tail moment in A549 cells on 
exposure to PM2.5 emissions from ULSD and Biodiesel at idle and 100% load.  











Figure 7.5: Comet assay  (a) Untreated (b) Treated A54 cells stained by 





 7.4.2 Micronuclei assay 
Cytokinesis-blocked micronucleus assay results are presented in Figure 
7.6 and a representative picture of binucleated and micronuclei of A549 cells is 
shown in Figure 7.7.  From Figure 7.6, it can be observed that cells that were 
exposed to PM2.5 had significantly higher chromosomal abberrations represented 
by micronuclei formation compared to control and cells exposed to blank filters.  
Among the fuels tested, B100 had more micronuclei formation at all loads 
compared to ULSD.  However, the results were not significantly different (P > 
0.05) at the idle mode.  With increase in load, micronuclei formation increased for 
both the fuels significantly (P < 0.05). 
 
Figure 7.6:  % of micronuclei in 1000 binucleated cells upon exposure to 
ULSD and B100.  *P < 0.05, versus ULSD (one way ANOVA with Newman-





Figure 7.7: Micronucleus analysis of (a) untreated and (b) treated A549 cells 
showing binucleated cells.  White arrow (b) indicates the micronucleus 
formed among the binucleated cells. 
 
7.5 Discussion 
Cytotoxicity is one of the important toxicological parameters in evaluating 
the toxic potential of any chemical compound.  Several studies were conducted on 
cytotoxicity exerted by DEP (Kuligowski et al., 1992; Tsukue et al., 2010; Knebel 
et al., 2002; Seagrave et al., 2007).  These studies have shown decreased cell 
growth and metabolic arrest upon exposure to DEP.  However, there have been 
fewer studies on comparison between BEP and DEP for cytotoxic end points.  
Bunger et al. (2000) observed a four-fold increase in toxicity with BEP emitted by 
using rapeseed methyl esters (RME) compared to diesel.  Recently, Kooter et al. 
(2011) measured cytotoxic responses on exposure to exhaust particle extracts 
from RME, plant oils, and diesel fuel.  They observed that the cytotoxicity 
increased by nearly 200% for biodiesel compared to diesel.   
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 However, there are other studies which reported a decrease, or no change 
in cytotoxicity for BEP compared to DEP.  Jalava et al. (2010) have observed no 
significant difference in cytotoxic responses between BEP and DEP.  Liu et al. 
(2008) observed a lower cytotoxicity for BEP compared to DEP.  In this study, 
the cytotoxicity and cell viability of PM2.5 emissions (shown in Figures 7.1 (a) 
and (b)) were observed to be higher for B100 compared to ULSD and their blend, 
B50.  These findings are consistent with the oxidative stress observed in cells.  
The results presented by different authors are conflicting because different studies 
reported the impact of biodiesel from different feed stocks which could inherently 
have different chemical compositions and consequent different toxicity potentials.  
From the present study, it could be found out that apart from the chemical 
composition, variations in the engine loads would also make a difference in the 
BEP, hence affecting their toxicological profiles.   
 
Cells exposed to PM2.5 emissions from B100 have shown lower GSH 
contents compared to ULSD and B50, indicating that they are under higher 
oxidative stress.  Antioxidants such as GSH are capable of stabilizing or 
deactivating ROS before they attack cells and are absolutely critical for 
maintaining redox balance in the cells.  Hence, antioxidants such as GSH are the 
best indicators of the oxidant status of the cells (Halliwell, 1991).  On exposure to 
PM2.5 cells, the particulate-bound toxic metals could generate ROS within cells 
resulting in cellular imbalance.  To counter this effect and bring the metabolism of 
cells to normal activity, GSH present within cells would deactivate ROS by 
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reducing them and in turn get oxidized to GSSG (oxidized glutathione).  With 
higher ROS generated within cells, more GSH will be consumed.   
 
The results observed in this study (Figure 7.2) indicate that PM2.5 samples 
collected from B100 exert higher oxidative stress compared to ULSD and B50.  
The oxidative stress can in turn be due to the higher concentrations of particulate-
bound transition metals present in B100 samples (Discussed in Chapter 5).  Some 
of these particulate-bound transition metals are known to significantly contribute 
to the ROS activity within cells (Li et al., 2003).  The particulate-bound transition 
metals when becoming bioavailable generate ROS through the Fenton and Haber 
Weiss reactions (Kasprzak, 2000; Kehrer, 2000).  As the engine load increased, 
the GSH levels decreased for all the fuels.  At higher loads, since the particulate-
bound metals are present in higher amounts (Chapter 5), ROS generation within 
cells would be higher and thus lower GSH levels were observed.  However, lower 
GSH levels in treated cells can also be due to lower metabolically active cells 
present in treated wells.  To draw more insights, statistical correlations were 
established between some of the particulate-bound transition metals and the 
resulting GSH concentration, and are discussed later.   
 
Caspase 3/7 belongs to a family of Cysteine-ASPartate proteases.  They 
are known to be responsible for triggering apoptosis, and are used as an indicator 
for cell death (Kiechle and Zhang, 2002).  Higher levels of caspase 3/7 are found 
when cells die due to apoptosis or programmed cell death (PCD).  However, 
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recent evidences (Broker et al., 2005; Chen et al., 2009) suggest that there are 
other apoptotic pathways that function independent of caspase activity and cell 
death occurring due to that pathway is termed as caspase independent cell death 
(CICD).  It could occur due to the presence of some transition metals (Perry et al., 
1997; Shih et al., 2005).   
 
In this study, we observed that (shown in Fig.  7.3) B100 had lower 
caspase levels at all loads compared to B50 and ULSD.  The lower caspase levels 
in treated cells compared to the control indicate that the caspase activity in treated 
cells could be inhibited by the presence of particulate-bound transition metals.  
Transition metals such as Zn, Ni, Cr, and Cd are known to inhibit caspase activity 
within cells (Mao et al., 2007; Shih et al., 2005).  These metals are present in 
higher amounts in PM2.5 emissions from B100 compared to ULSD and B50.  
These transition metals within cells in turn generate higher levels of ROS that 
cause oxidative stress (Figure 7.2).  Studies have reported that ROS generated 
within cells can inititate CICD by activating other signalling factors which could 
lead to cell death (Broker et al., 2005; Chen et al., 2009).  Higher oxidative stress, 
lower caspase levels and higher cytotoxicity of B100 treated cells compared to 
ULSD and B50 suggest that the cell death in treated cells is most likely due to 
some form of the CICD pathway.  However, in-depth analysis on pathways 
leading to cell death on exposure to DEP or BEP needs to be conducted to verify 
this hypothesis.   
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From the present work, we report that the constituents of PM2.5 exert the 
toxicological responses in the biological systems studied.  To get further insights 
into the kind of toxicological effects it is important to understand the chemical 
constituents which could contribute to the toxicological endpoint observed 
through different available methods.  There have been reports that are suggestive 
of transition metals as a possible source for PM2.5 toxicity (Okeson et al., 2003).  
Transition metals could be delivered to the airways by PM2.5 which can then 
attack the cells with subsequent formation of free radicals and ROS that promote 
the expression of inflammatory responses and cytotoxicity (Frampton et al., 
1999).  PM2.5 obtained from DEP and BEP at different engine loads varies in their 
metal composition which could play a role in deciding their toxic potential 
(Dwivedi et al., 2006).   
 
Our results indicate that at certain engine loads, BEP is more cytotoxic 
than DEP.  It is clearly illustrated by cell viability and cell death assays.  To give 
mechanistic insights, the GSH activity was measured and found significantly 
lower for those particulate samples, thereby corroborating well with the results 
obtained from cytotoxic measurements.  To make realistic associations between 
the metal concentrations obtained in PM2.5 and toxicological responses, Pearson’s 
Correlation Coefficient Test was applied for metals and various parameters (Table 
7.1).  Cr, Fe, Ni, Zn and Pb showed significant correlations with cell viability.  As 
the concentration of the metal increased, the cell viability compared to the control 
decreased, thus predicting an inverse relationship.  These results are substantiated 
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by physiochemical data, where BEP showed higher amounts of Cr, Fe, Ni, Zn and 
Cu (at all loads – chapter 5).  This behavior is consistent with the findings 
reported in the literature from previous studies for Fe and Zn toxicities resulting 
from PM (Smith et al., 2000; Adamson et al., 2000).  For oxidative stress, the 
GSH content was also correlated with those of the metals and significant 
correlations were found with the same metals as for cytotoxic measurements.  
This could be explained in terms of toxicity potential of these metals; certain 
metals such as Cr and Ni being relatively more toxic even at lower concentrations.  
As a consequence, higher cell death was observed and at the same time the 
metabolically active cells experienced higher degree of oxidative stress due to 
generation of ROS by them.  Caspase-3/7 levels gave good correlations with all 
the metals studied.  It showed that as the metal concentration increased, caspase 
levels decreased.   
  One explanation could be that ROS activated certain pathways wherein 
caspases are inactivated and a different signaling pathway is followed for cell 
death.  A recent report has elucidated a mechanism for ROS to undergo CICD and 
inactivate caspases (Broker et al., 2005; Chen et al., 2009).  Moreover, some 
reports are available, showing the inactivation of caspases by Zn, Cd and Fe.  
Chen et al., 2009 identified that FasL, a well known ligand that is known to 
induce apoptosis, can initiate non apoptotic signals through receptor-interacting 
protein 1(RIP1), and tumor necrosis factor receptor-associated factor 2 (TRAF2) 





Table 7.1: Pearson correlation between toxicological parameters (Cell 
viability, GSH, Caspase 3/7) and transition metals obtained  (*P < 0.05, ** 
P<0.01, *** P < 0.001, **** P < 0.0001 ) 
 
  Cell viability GSH Caspase 
Cobalt -0.58 -0.39 -0.01 
Chromium -0.96**** -0.91**** -0.74** 
Copper -0.92**** -0.85*** -0.67* 
Iron -0.93**** -0.84*** -0.60** 
Nickel -0.95**** -0.85*** -0.59* 
Zinc -0.95**** -0.90**** -0.70** 
Lead -0.72** -0.55 -0.17 
Cadmium -0.39 -0.18 0.20** 
 
 
We also correlated Caspase-3/7 levels were correlated with GSH content, 
in view of an inverse relationship between GSH and ROS, and this can serve as an 
indirect predictor of cell death.  A significant correlation was found between GSH 
and Caspase 3/7 (r = 0.86, P < 0.0001).  This observation could possibly support 
the correlations observed between metals and caspase-3/7 levels as metals have 
been shown to increase ROS.  However, apoptotic and cell death signaling 
pathways are a complicated set of biochemical reactions which can occur in 
dynamism due to the external stimuli and internal regulators.  Hence, detailed 
investigations should be carried out to get insights into exact biological 
mechanisms behind cell death on exposure to DEP and BEP.  For the present 
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study, it could be deduced from the correlation analysis that some of the 
particulate-bound metals are inactivating caspases either directly through some 
mechanism, or indirectly through the generation of ROS and in turn activating 
other mechanisms for cell death.   
 
Epidemiological studies have established an association between increased 
lung cancer rates and exposure to PM (Dockery et al., 1993; Cohen and Pope, 
1995).  Since genotoxicity possibly contributes to carcinogenesis, it is important 
to understand the genotoxic implications of PM2.5 emitted from both the sources 
used in this study.   Genotoxic assays were therefore performed.  DNA damage 
was studied using comet assay and cytokinesis-blocked micronucleus assay.  The 
comet assay is a single cell based technique that allows detection and 
quantification of DNA damages.  DNA strand break formation can be observed 
clearly through the comet assay.  The assay uses nuclei, embedded in agarose and 
exposed to an electric field.  The comet assay provides an advantage over other 
strand-breaking assays because measurements are made on individual cells.  
Scoring these cells on slides provides an independent measure of the toxicity of a 
test compound.  Dead cells can be identified by their distinct morphology 
compared to cells exhibiting DNA damage.  The comet assay could represent a 
useful test to evaluate the biological consequences of environmental 
contamination, being sensitive to cellular damage (Fairbairn et al., 1995; Speit et 
al., 1996).  Chromosome abnormalities are a direct consequence of DNA damage 
such as double-strand breaks and misrepair of strand breaks in DNA that result in 
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chromosome rearrangement.  Micronuclei (MN) are formed in dividing cells from 
these chromosome fragments, or whole chromosomes that are unable to engage 
with the mitotic spindle during mitosis.  MN is generally an erratic nucleus, 
whose formation results in daughter cell lacking a part or all of a chromosome.  
There is a chance of more than one MN getting formed in the mitotic division.   
In the present study, it was observed that PM2.5 from B100 resulted in 
higher DNA strand breaks and chromosomal aberrations as compared to ULSD.  
This was evident from the higher tail moment and the higher number of MN 
observed in cells exposed to PM emitted from B100 compared to ULSD (see 
Figure 7.6).  PM2.5 emitted from WCOB had a higher amount of particulate-bound 
toxic metals compared to those from ULSD (See Chapter 5).  Transition metals 
such as Fe, Cu, and Zn can generate intercellular ROS which could lead to 
adverse health effects by directly affecting the macromolecules including DNA 
causing strand breaks (Hemmingsen et al., 2011; Knapeen et al., 2002; Molinelli 
et al., 2002; Pamo et al., 2007,).  These metals  (Fe, Cu and Zn) have been shown 
to be potent inducers of oxidative DNA damage (Lloyd et al., 1998; Prahalad et 
al., 2000; Toyokuni and Sagripanti, 1996).  Knapeen et al. (2000) and Van 
Maneen et al. (1991), in their studies using ambient PM and coal fly ash, have 
shown that particulate-bound toxic metals generate hydroxyl (·OH)  radicals 
through iron-dependent Fenton reaction and these free radicals in turn induce 
·OH-specific DNA damage.  Moreover, toxic metals such as Cd, Cr, and Ni, have 
been shown to have aneugenic and/or clastogenic properties, inducing 
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micronuclei in human lung derived fibroblasts (Roubicek et al., 2007; Seoane and 
Dulout, 2001).   
 
Higher concentration of carcinogenic metals such as Cr, Ni and other toxic 
metals associated with ROS generation such as Fe, Cu, Zn in B100 compared to 
ULSD could be one reason for higher genotoxic effects observed in this study.  
Several other organic compounds such as PAHs, and other organic fractions are 
also associated with genotoxic effects (Hsiao, et al., 2000; Roubicek et al., 2007; 
Seemayer et al., 1994).  However, in this current study, the organic fractions of 
WCOB and ULSD were not investigated.  From previous studies, it is evident that 
particulate-bound PAHs decreased in some cases with usage of BD (Lin, et al., 
2011a; Xue et al., 2011), but one study has shown a very high increase in PAHs 
when using WCOB (Karavalakis et al., 2010) compared to ULSD.  In addition, 
soluble organic fraction (SOF) was found to increase with the usage of BD 
(Aggarwal et al., 2011; Lin et al., 2006).  Several studies have indicated clear 
association between PAHs, SOF and ROS (Peninng et al., 1999; Li et al., 2008).  
Therefore, the higher cytotoxic and genotoxic effects observed on exposure of 
A549 cells to PM2.5 emitted from B100 could be a due to combination of both 
higher metal concentrations, higher SOF contents in PM2.5 emitted from WCOB 
combustion.  Further investigation is needed to examine the role of individual 
particulate-bound compounds on the overall cytotoxicity and genotoxicity of 




Biodiesel is largely believed to be an environmental friendly fuel due to 
the observed reduction in PM emissions.  However, the conflicting results 
reported in the literature on its toxic potential suggest that it is mainly dependent 
on feedstock, and the operating conditions of the engine.  In this study, biodiesel 
made from WCO was analyzed for its toxic potential using cytotoxicity, cell 
viability, oxidative stress, DNA damage and chromosomal abberations.  Insights 
have been provided to understand the type and extent of toxicological impacts that 
could occur on exposure of DEP and BEP to human lung cells.  It is observed that 
WCOB has higher cytotoxic as well as genotoxic potential compared to ULSD, 
and is more pronounced at higher engine loads.   
 
The particulate-bound metals appear to play a key role in cytotoxic and 
genotoxic effects of PM2.5.  In particular, Co, Fe, Zn, Ni, and Pb show a 
significant inverse correlation with cytotoxic parameters indicating that higher 
metal concentrations in PM2.5 result in higher oxidative stress and higher 
cytotoxicity.  Lower caspase levels in treated cells compared to control and the 
strong inverse correlation of caspase 3/7 with all the metals suggest that heavy 
metals inhibit caspase-dependent apoptosis and possibly undergo CICD.  The 
higher concentrations of toxic and carcinogenic metals such as Cr, Ni, Fe, Zn in 
WCOB can be one of the reason for the increase in DNA damage and 
chromosomal aberrations when compared to ULSD.  It can be concluded that 
although the mass concentrations from BEP are relatively lower than DEP, the 
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chemical composition of the BEP controls the toxicological response.  In this 
study the chemical speciation of PM is limited to particulate-bound metals to 
explain the observed differences in the cytotoxicity and genotoxicity profiles of 
DEP and BEP.  However, it is to be noted that the cytotoxicity and oxidative 
stress observed in this study are not entirely due to particulate-bound metals.  
Several other particulate-bound chemical species such as different classes of 
organic compounds especially soluble organic fraction of PM2.5 could also 
contribute to cytotoxicity, oxidative stress and genotoxicity.  Further studies need 
to be conducted to identify and quantify the specific organic compounds and other 
chemical species bound to PM2.5 in order to gain better insights into the different 
cytotoxic and genotoxic profiles of DEP and BEP.  Along with the chemical 
composition, engine load could also make a significant difference.  The health 
impacts of biodiesel mainly depend on the feedstock from which it is made.  
Therefore, comprehensive toxicological studies are needed to evaluate the health 
impacts of biodiesel by taking into consideration its chemical composition and 

















Chapter 8: Summary and Conclusions 
There has been an increasing concern about the emissions of airborne PM 
from diesel engines because of their close association with adverse health and 
environmental impacts.  Among the alternative fuels being considered, biodiesel 
made by the transesterification of WCO has received considerable attention in 
recent years because of its lower cost and the added advantage of reducing waste 
oil disposal.  However, the effect of WCOB on PM emissions from diesel engines 
and their impact on human health have not been evaluated.  This thesis discusses 
the outcome of a detailed investigation of PM emissions from WCOB.   
Specifically, a comparative evaluation of the physical, chemical and toxicological 
properties of PM emitted from ULSD and WCOB (B100) and a blend of both the 
fuels (B50) is discussed.   
 
The major conclusions drawn from each segment of the study are summarized 
below in the same order as discussed in the results and discussion of each chapter 
1) The engine performance evaluated in terms of BSFC and BTE 
indicated that the fuel consumption increased in the case of WCOB 
compared to ULSD with relatively no change in the combustion 
efficiency of the engine with both the fuels.  The increase in BSFC 
with WCOB can be attributed to the lower heating value of WCOB 
compared to ULSD.   
 
2) The particulate mass and the particle number concentration (PNC) 
decreased with the usage of WCOB when compared to ULSD.   
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The decrease in the particulate mass with the usage of WCOB was 
due to higher oxygen content, the absence of aromatics, higher 
viscosity of WCOB compared to ULSD.  With increase in the load, 
the particulate mass concentration increased but the PNC 
decreased.  The increase in the PM mass was due to a reduction in 
the combustion efficiency at higher loads in the diesel engine.  
However, the PNC decreased due to a reduction in nucleation 
mode particles, which contributed significantly to the total PNC at 
higher engine loads.   
 
3) Although the WCOB had lower PNC compared to ULSD, WCOB 
was found to have a higher fraction of nucleation mode particles 
relative to ULSD.  This was mainly due to a reduction in 
accumulation mode particles resulting from combustion advance in 
the case of WCOB.   
 
4) Investigation of elements in fuels revealed that metals such as Cr, 
Cu, Fe, Ba, Zn, Mg, Ni, and K were found in  higher 
concentrations in WCOB compared to ULSD.  The higher 
concentration of elements in WCOB, especially Cu, Fe, and Zn, 
was mainly due to the leaching of these elements into cooking oil 
from food and from cooking utensils.   
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5) Particulate-bound elements that were found in higher 
concentrations in WCOB emissions were mainly due to higher fuel 
elemental concentrations in WCOB compared to ULSD. 
 
6) The size distribution of particulate-bound metals revealed that a 
significant fraction of carcinogenic metals such as Cr, Ni, and 
other toxic metals were present in nanoparticles which can have 
serious health impacts. 
 
7) Health risk assessment was conducted to evaluate the health risk 
associated with particulate-bound carcinogenic and toxic metals.  It 
was found that WCOB had higher carcinogenic as well as non-
carcinogenic risk due to the presence of higher levels of 
particulate-bound metals compared to ULSD.  UFPs contributed to 
more than 70% of the total risk associated with PM2.5 emissions for 
both the fuels. 
 
8) In order to assess cytotoxic and genotoxic effects of PM2.5 
emissions from WCOB and ULSD, toxicological experiments were 
conducted using human lung epithelial cells (A549).  It was 
observed that WCOB had higher cytotoxic as well as genotoxic 
potential compared to ULSD and was more pronounced at higher 
engine loads.   
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9) The particulate-bound metals appeared to play a key role in 
cytotoxic and genotoxic effects of PM2.5.  In particular, Co, Fe, Zn, 
Ni, and Pb showed a significant inverse correlation with cytotoxic 
parameters indicating that higher metal concentrations in PM2.5 
resulted in higher oxidative stress and higher cytotoxicity.   
 
10)  Lower caspase levels observed in treated cells compared to control 
and the strong inverse correlation of caspase 3/7 with all the metals 
suggest that heavy metals inhibit caspase-dependent apoptosis and 
possibly undergo caspase independent cell death (CICD). 
 
11)  DNA damage and chromosomal aberrations were more 
pronounced in WCOB compared to ULSD at full loading 
conditions.  However, no significant difference was observed at the 
idle mode. 
 
In conclusion this work made a comparative assessment of PM2.5 emissions 
from WCOB and ULSD.  WCOB did not show any significant health benefits 
compared to ULSD based on the data collected in this study.  Overall, this study 
provided a comprehensive research framework to examine issues and concerns 
associated with the usage of WCO as a source of biodiesel to replace ULSD based 
on its physical, chemical and toxicological characteristics.   
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Chapter 9: Recommendations for further studies 
Specific recommendations for further studies are listed below 
(1) To gain a better understanding of the health impacts associated with PM 
emissions from WCOB, a comprehensive characterization of the chemical 
properties of WCOB is needed.  Particulate-bound organic compounds, 
especially PAHs and nitro-PAHs, play a key role in in human health 
impacts.  Therefore, their emissions from both WCOB and ULSD should 
be evaluated. 
 
(2) Fuel properties of WCOB are source specific and extremely variable from 
one type of biodiesel to the other.  WCO is usually collected from 
restaurants and food courts.  The properties of WCOB vary depending on 
the type of restaurants, methods of cooking, items that were cooked, the 
treatment of WCO prior to biodiesel production.  Therefore, it is difficult 
to reach a consensus concerning the health impacts of WCOB of different 
types.  Biodiesel derived from different feedstocks should be 
independently evaluated.   
 
(3) Further insights into the mechanisms involved in cellular damage are 
important to gain a deep understanding of which type of particulate-bound 
compounds plays a key role in human health impacts.  This understanding 
will in turn lead to development of pollution control measures at the fuel 
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